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Abstrakt
Existuje velky´ za´jem o levne´, citlive´ a selektivn´ı senzory. V te´to pra´ci popisu-
jeme vyuzˇit´ı rozpustny´ch substituovany´ch ftalocyanin˚u jako citlivy´ch ma-
teria´l˚u pro detekci rˇady plyn˚u. Studovali jsme opticke´, elecktricke´ a sen-
zorove´ vlastnosti neˇkolika ftalocyanin˚u. Byl popsa´n mechanizmus interakce
tenky´ch vrstev ftalocyanin˚u s r˚uzny´mi studovany´mi plyny. Zjistilo se, zˇe
ftalocyaniny substituovane´ sulfo-skupinami jsou velmi citlive´ na vodn´ı pa´ru.
Sulfonamidicky substituovane´ ftalocyaniny jsou vhodne´ pro detekci oxidu
dusicˇite´ho a teˇkavy´ch organicky´ch rozpousˇteˇdel. Prˇi vysˇsˇ´ıch teplota´ch tert-
butylovy´ ftalocyanin je vhodny´ pro detekci n´ızky´ch NO2 koncentrac´ı. Ex-
perimenta´ln´ı vy´sledky byly vyuzˇity pro konstrukci novy´ch typ˚u komercˇn´ıch
senzor˚u pro detekci NO2, etanol˚u a vlhkosti.
Summary
There is big interest in cheap, sensitive and selective gas sensors. In this
work, substituted soluble phthalocyanines are proposed as a sensing materi-
als for several gases. Optical, electrical and gas sensing properties of several
phthalocyanines were studied and the mechanisms of their interaction with
several analyte gases are described. It was found, that sulfo-substituted Pcs
has good sensitivity to humidity. Sulfonamide-substituted phthalocyanines
are promising for nitrogen dioxide and volatile organic compounds detection.
tert-Butyl-substituted phthalocyanines are sensitive to NO2 under higher
temperature and seems to be used for environmental monitoring. Commer-
cial gas sensors for NO2, ethanol and humidity were successfully created.
Kl´ıcˇova´ slova
Rozpustne´ substituovane´ ftalocyaniny, plynove´ senzory, opticke´ vlastnosti,
elektricke´ vlastnosti, komplex s prˇenosem na´boje, oxid dusicˇity´, vlhkost,
teˇkave´ organicke´ rozpousˇteˇdlo.
Keywords
Soluble substituted phthalocyanine, gas sensor, optical properties, electri-
cal properties, charge transfer complex, nitrogen dioxide, humidity, volatile
organic compounds.
POCHEKAILOV, S.Elektricke´, opticke´ a senzorove´ vlastnosti organicky´ch
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Introduction
Gas sensors are devices for analyzing atmosphere composition, they are
widely used in all fields of industry and life. There is big demand for cheap,
reliable and selective gas sensors. Different techniques for gas detection are
known, including chemiresistive, optical, fluorescence sensors, ones based on
SPR, QCM, etc. In this work, the attention was pointed to chemiresistive
and optical gas sensors, as these detection techniques are the simplest and
the most suitable for practical applications.
The growing interest in sensors and actuators based on organic molecules
appear in the last two decades. Organic sensing materials have several advan-
tages compared to inorganic sensing materials. They are potentially cheap
and easy to produce, because wet technologies could be applied for sensing
layer deposition, they usually do not need high temperature for operation
and they could be functionalized, which allows to alter of their properties.
Phthalocyanines were studied as good candidates to be used as organic
sensing materials. By changing central element coordinated with phthalo-
cyanine ring, one can widely change their properties, without changing a
manufacturing line. However, nonsubstituted derivatives are not soluble.
Different substituents makes them soluble in different solvents, which, apart
from improving deposition technique, also allows to change sensing proper-
ties of phthalocyanines. In this work, sulfonic acid sodium salt, sulfonamide,
amino, tert-butyl and nitro-substituted phthalocyanines were studied.
Materials under study were synthesized and their structures were con-
firmed with different methods. Optical and electrical properties of phthalo-
cyanines were studied with the aim to find out whether these materials could
be applied as gas sensors.
The results of electrical and optical characterization of phthalocyanines
presented in this work are followed by description of their sensoric properties
. It was found, that Pcs under study can absorb visible and UV light and
9
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the spectrum of absorption depends on the surrounding environment, which
is the basis for optical sensors applications. Substituted Pcs have very low
conductivity, which however also depend on the atmosphere composition.
Sulfo-substituted Pcs appear to be extremely sensitive to humidity, while
other Pcs exhibit low or lack of sensitivity to water vapors.
It was found, that sulfonamide-substituted Pcs has strong photoeffect,
which result in the significant increase of conductivity under illumination by
light with wavelength of one of the absorption maxima. Such light induced
current is also sensitive to gases, which allow to propose new type of sensor
called photoconductive gas sensor. The combination of optical, chemiresis-
tive and photoconductive detection, as well as implementation of array of
sensing materials, allow us to increase the selectivity and leads to “electronic
nose” application. Several commercial devices based on obtained results and
suitable for being mass produced were developed and described in this work.
Chapter 3
Initial state of the research
3.1 Phthalocyanines
Phthalocyanines were discovered in year 1907 by Braun and Tcherniac [1].
Their structural formula, which is shown in Fig. 4.1, was determined by
Linstead and Robertson. Phthalocyanines become ones of the most studied
materials, there are over 15000 publications, several books and many patents
connected with them. Initially they were used as blue and green colorants,
as they absorb visible light in red region of spectrum. Later, they appear to
be interesting for others applications, such as:
• Non-linear optics, including optical limitations;
• Xerography, as photoconductors;
• Optical data storage, as absorption layer within recordable compact
discs;
• Molecular electronics;
• Photodynamic cancer therapy;
• Photovoltaics, as solar cells and light sensors;
• Catalysts;
• Gas sensors, as a gas sensing layer.
11
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Figure 3.1: Scheme of Pc
synthesis strategy.
3.1.1 Synthesis
There are many ways how to synthesize Pcs and their derivatives. The scheme
of synthesis strategies from different precursors is shown in Fig. 3.1. The
most used precursors are the derivatives of phthalic acid.
There are two ways of inserting the substituents to the conjugated ring.
Substituted Pcs could be synthesized from precursors, which already contain
substituents [2], as it is shown in Fig. 3.2. Alternatively, Side-group could be
also inserted after the condensation of Pc ring by substituting aryl H atom
with this functional group. As an example one can show the synthesis of
metallophthalocyanine tetrasulfonic acid (Fig. 3.3) [3].
3.1.2 Thin films preparation and morphology
In order to use Pcs for electronic and optical applications, it is necessary to
create homogeneous thin films with its structure and thickness controlled on
nanoscale-level. Known methods of thin film deposition for Pcs are following:
• Vacuum sublimation
• Langmuir-Blodgett film formation
• Spin-coating
• Drop-casting
• Doctor blading
3.1. PHTHALOCYANINES 13
Figure 3.2: Synthesis of substituted Pc from already substituted precursor.
Figure 3.3: Synthesis of Pc sulfonic acid from non-substituted Pc.
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• Inkjet printing
First two methods were very well studied. Their advantage is that the film
structure and thickness are well-controlled. These methods, especially LB
film creation, are very complicated and time-consuming. The other methods
listed above are called “wet technique”. They have number of advantages
compared to the vacuum deposition, as the simplicity of the process and
room temperature operation. However, potential problem appear with the
control of the layer structure.
During spin-coating deposition, the solution of deposited Pc is quickly
dried on the rotating substrate. The speed of rotation vary between 700 and
6000 RPM. Thickness of the deposited film could be controlled by the con-
centration of solution, nature (volatility) of the solvent and by the rotation
speed. In the case when studied Pc is not soluble, the blend of Pc with solu-
ble polymer matrix is deposited [4]. This is one of the ways how to deposit,
for example, non-substituted Pcs. In order to achieve the solubility of Pc in
some solvent (for example, water, chloroform, toluene, etc.), substitution of
Pc ring is necessary.
Substituents change also the morphology of thin films. Spin-coated films
have usually amorphous or crystalline structure with the size of crystals so
small that they can not be detected using polarising microscope or X-ray
diffraction. Annealing of spin-coated films can increase the size of crystals,
but also can destroy homogenity of the layer.
Morphology of Pc layers usually do not depend on the deposition condi-
tions, such as solvend and spin rate of the substrate. Any post-deposition
treatment has little influence as well.
Many substituted Pcs exhibit also a columnar mesophase. Heating above
the crystal-mesophase transition can improve order of the thin film without
destroying its homogenity.
Spin-coated films has usually four main types of molecular arrangement,
as it is shown in Fig. 3.4 [5]. There are cofacial or untilted columnar struc-
ture, where Pc molecules orients parallel to each other; herringbone or tilted
columnar, where Pc rings are shifted relatively to each other; edge-to-edge
alignment and amorphous structure.
3.1.3 Substituted phthalocyanines
There are two types of substituted Pcs are known: axially substituted and
benzo-substituted derivatives [6].
Axial substituent, which, in other words, is a ligand for the central atom,
can increase intermolecular distance, reduce interaction between Pc molecules
3.1. PHTHALOCYANINES 15
Figure 3.4: Scheme of the main types of Pc arrangement in spin-coated film:
(a) cofacial or untilted columnar; (b) herringbone or tilted columnar; (c)
edge-to-edge and (d) amorphous. Side-groups are not shown.
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and thus, it is a possible way to influence optical and electrical properties of
Pcs. They can also increase solubility of Pcs. Important condition is that
the the central atom must be in +3 or +4 oxidation state, for example, SiPc,
GePc, SnPc, TiPc, AlPc etc. Some ligands can form coordination bonds
with central metal atoms with lower oxidation states. Ligands can differ by
its nature and the way how they are connected with Pcs. The most known
ligands are:
• oxo-ligand, as in TiOPc
• hydroxy-group, Al(OH)Pc
• halogens (SiCl2Pc)
• alkoxy ligands, with the formula –O–alkyl, –O–aryl, –O–Si(alkyl)3 etc.
• pyridine
Benzo-substituted Pcs can have substituent in α, β or both positions of
benzene ring. Real material is often a mixture of molecules substituted in all
that ways. Each molecule can also contain different amount of substituents,
from one up to 16, so all aryl hydrogen atoms are substituted with the side
group (for example, PcF16). The most known substituents are listed in Table
3.1.
3.1.4 Optical properties
Phthalocyanines are known to absorb light in visible and UV regions. Optical
absorption spectrum of Pcs is the result of absorption of light by conjugated
18 pi electron system and orbitals of the central metal atoms [8, 9]. The
spectrum of Pc thin film consists of several absorption bands. The one with
lowest energy, known as Q-band, is found at the region between 550 and
750 nm. Usually it is interpreted as pi − pi∗ excitation between bonding and
antibonding molecular orbitals of the conjugated ring [9, 10]. The band is
split into doublet, which is called Davydov splitting [9–11]. The peak at
the region 300–400 nm is called Soret, or B-band. The peak at 270–300
nm, which position and intensity is dependent on the central coordinated
to the phthalocyanine ring, is called variable, or V-band. It is assigned to
the transition from pi orbitals of the ring to the d orbital of the central
atom. The band fount at 210–275 nm is called S-band, which occur due to
d− pi∗ transitions [12]. These results were confirmed for H2Pc [8, 10, 12–14],
MgPc [10, 12, 14], CuPc [9, 10, 12–15], TiOPc [12], VOPc [12, 14], CrPc [12],
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Table 3.1: Possible substituents of Pc molecules.
Substituent Structure Reference
Alkyl –R, for example, tert-butyl [5–7]
Aryl –O–R [5–7]
Halogen –F, –Cl, –Br, –I [7]
Hydroxyl –OH [7]
Sulfo –SO3Na, –SO3H [7]
Amino –NH2, –NR2 [7]
Nitro –NO2 [7]
Carbonyl –CHO [7]
Carboxyl –COOH
Cyan –CN [7]
Mercapto –SR [7]
Halogenated alkyl –CF3 [7]
Silica –SiR3 [7]
Sulfone –SO2–R [7]
Sulfonamide –SO2–NR2 [7]
Sulfochloride –SO2Cl [7]
ZnPc [10,12–14], FePc [10,12,16], NiPc [12,16], CoPc [10,12,16], SnCl2Pc [12],
PbPc [12,14] and rare earth phthalocyanines [8].
One should note the extra peak for FePc, found at 400–500 nm, which
origin is not explained in literature [10].
The energy band gaps of Pcs determined from the onset of the plots α1/2
vs. hν appear to be in the range 1.5–1.6 eV [9,15]. Here α is the absorption
coefficient of Pc at defined wavelength.
One should note, that possible substituents of Pc molecules significantly
influence absorption spectrum. Mainly the form and position fo Q-band
are affected, due to the interactions of neighboring molecules. The cofacial
arrangement in Figure 3.4a results in a blue-shifted Q-band. Herringbone
arrangement (Fig. 3.4b) results in strong Davydov splitting of the Q-band.
Edge-to-edge interaction (Fig. 3.4c) leads to red shift of Q-band, and amor-
phous film (Fig. 3.4d) has similar spectrum as solution has [5].
3.2 Gas sensors
Chemical sensors are transducers that have a chemical detection layer and
transform chemical interaction to an electrical signal [17]. The detection can
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be qualitative and quantitative. Qualitative sensors only detect a presence of
a gas, quantitative also measures its concentration. Sensors can be reversible
or irreversible, in the last case they can be used only once. If a device can
detect several gases selectively, it called electronic nose. The known definition
of electronic nose is following. Electronic nose is a device that composes from
an array of different independent semi-selective, reversible gas sensors, its
output is analyzed by pattern recognition software [17].
Gas sensors are characterized by several following parameters. Sensitivity
to gas is the magnitude of the change of registered parameter, and calculated
by the equation 3.1:
S =
Rexp −Rbefore
Rbefore
× 100 (3.1)
where Rexp is the signal during exposure to gas, Rbefore is the signal before
the exposure. The meaning of the reversibility of the sensor is how close the
signal returns to the initial value after the exposure to analyte gas is finished.
It is calculated using equation 3.2
B =
Rexp −Rafter
Rexp −Rbefore × 100 (3.2)
where Rafter is the signal of the sensor after exposure is finished. In general,
the sensitivity and reversibility is calculated in percents, so the right part of
the equations 3.1 and 3.2 is multiplied by 100.
3.2.1 Classification
Gas sensors are widely used, for example, in environmental monitoring, food
industry, detection of dangerous gases in industry, including the safety rea-
sons, criminality and detection of chemical weapon agents. There are several
ways of gas sensor classification. They could be classified according to the
physical principle of their functioning, the sensing material which is used,
the gas detected and the field of application.
Classification by principle of operation
The scheme of this classification is shown in Fig 3.5. In this work, the atten-
tion is concentrated on optical and electrochemical gas detection methods.
Quartz crystal microbalance is also used as additional technique for precise
monitoring of mass absorbed on the sensor. The other possible classification,
e.g., by sensitive material and by the detected gas is reviewed below.
Optical gas detection is based on the change of optical properties of a
detecting material under the influence of analyte. This change could be
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Figure 3.5: Classification of gas sensors.
reversible or irreversible. Also, the change of the material properties could
be detected by human eye direcly (material significantly change colour, as for
example in the case of calixarenes [18, 19]), or using special light detectors.
The origin of light which comes to the detector also differs because optical
gas sensors utilize different physical principles of the detection. In this work,
only the change of reflectance and absorbance will be discussed.
Reflectance optical gas sensitivity is based on the change of reflectance of
the sensing material in the presence of analyzed gas. Absorbance optical gas
detection is, respectively, the change of absorption in the presence of the gas.
Gas absorption is usually taking place on the surface and on the top layers
of thin film, in other words, the amount of gas absorbed is not constant with
the thickness of the material layer. As a result, the change of transmittance
is smaller than the change of reflectance of the thin film, and so reflectance
detection is considered to be used for practical applications. From the other
side, it is relatively hard to detect overall reflection of light from the thin
film. As a result, if the task is to study the mechanism of gas absorbance,
then the spectra is better to study in transmittance mode, so detecting the
absorbance change. The schemes of the both methods one can find in Figs
5.5, 5.7a and 5.7b.
Chemiresistive gas sensors are the sensors which change their electrical
properties in the presence of the analyte gas. This type is one of the easiest
and cheapest to manufacture, and it is the most used in practice. This
explains very big interest to it in industry and research.
The simplest example of this type of sensor consists of interdigital elec-
trode system with the layer of sensing material deposited over it. The re-
sistivity (or another electrical parameter) of the sample is measured. In the
20 CHAPTER 3. INITIAL STATE OF THE RESEARCH
case of the field effect transistors, usually source-drain current is measured.
These parameters supposed to be changed in the presence of the gas.
Apart from the low price of such sensors, one can achieve high sensitivity,
up to ppb level [20]. These sensors has small size and can work in wide range
of conditions. Significant shortcoming of this type of sensors is their lack of
selectivity, i.e., different gases can cause the change of conductivity of sensing
material. Especially this problem concerns water vapors, which are always
present in air. The solution of the problem could be the follow:
• Use the array of sensors with different sensing materials. Each of them
should have different sensitivity for the elements of analyzed mixture
of gases. After processing the response of each sensor, one can compute
the concentration of gases in mixture.
• Absorb the components of gas mixture, which could cause the mistake
in measurements.
• Increase the temperature of the sensing layer, so the sensitivity to some
gases will be decreased. This is useful especially in the case of water
vapors.
Another type of electrochemical gas sensor is photocurrent sensor, which
is based on the change of photocurrent of the sample. Sensing material in
that case must be photoconductive. There are only few literature reports
considering this type of sensor [21]. The effect of photoconductivity changes
is explained by the formation of traps for charge carriers in the case of analyte
absorption.
Classification by the detected gas
From chemical point of view, it is logical to classify gases according to their
mechanism of interaction with sensing materials. The gases are acceptors,
donors of electrons or neutral relatively to the sensing material. Acceptors
and donors create charge transfer complex with studied gas, while neutral
gases interacts with different mechanisms, including hydrogen bonds forma-
tion, dipole interactions etc. Acceptors are such gases as oxygen, ozone,
nitrogen oxides, halogens. Donors of electrons are ammonia and amines,
H2S etc. Neutral gases are alkanes, alkenes, cyclic hydrocarbons, chloroform,
carbon oxides etc.
Classification by the application of gas sensors
Construction, necessary resolution, stability, speed of response, reversibility
are strongly dependent on the way how the sensor will be used.
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For environmental monitoring, the stable baseline plays crucial role. This
sensor in general should detect very low concentrations of gases, usually on
ppb level [22]. Exception are sensors designed to detect the change of main
atmosphere components: oxygen, humidity and carbon dioxide (nitrogen and
inert gases are not detected). Speed of response is not crucial for this sensors,
however, sensor should be ideally reversible. Also, selectivity plays important
role, as there are always mixture of many gases in atmosphere.
Alarm and safety sensors are used to caution people about the concentra-
tion of chosen gas in air [23]. Usually detected gas is poisoness or harmful,
and the detection limit depend on the maximum allowed concentration of the
gas in air. Usually such sensors work in 0.1–20 ppm range. For such sensors,
the speed of response is the most important parameter, as sensor should react
immediately after the concentration reach dangerous level. Such sensors are
often designed for one use, so reversibility is not an important parameter.
Technological sensors are used for special applications in industry and
life. Their characteristics depend on the technological process and vary in a
big range.
3.2.2 Gas adsorption mechanism
The process of interaction of gases with solid phase includes many physical
and chemical processes. The first step of the gas detection is its adsorption
on the sensing layer. Usually, the surface is already occupied with the other
gas molecules, it could be nitrogen or oxygen from air. They should be
removed before absorbing other gas. The basics of this process was given by
Langmuir [20, 24, 25]. He found that under the constant temperature, the
rate between the occupied and overall gas absorption places depend only on
the pressure of the gas. This dependence is called simple Langmuir isotherm:
θ =
ap
1 + ap
(3.3)
and
1
a
=
ν0
P
√
mkTexp
(
−Ead
kT
)
(3.4)
where p is the gas pressure, P is the probability that molecule will be ab-
sorbed whenever it has both energy Ead and a vacant site available, m is the
mass of the molecule, k is the Boltzmann constant, T is the temperature, ν0
is the proportionality coefficient.
Fig. 3.6 show Langmuir isotherm. At low pressures ap << 1 and Henri’s
law obtained:
θ = ap (3.5)
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Figure 3.6: Percentage of occupied
sites θ as a function of the pressure
p.
An increase of temperature will decrease the number of molecules adsorbed
at the surface of the molecular material.
Diffusion inside the sensing material must also be considered. The diffu-
sion rate is given by the number of molecules crossing a reference area in a
time ∆t. Backcrossing must also be considered. The flux of molecules per
unit of surface and time is equal:
Jx = −Ddna
dx
(3.6)
where na is the density of molecules as a function of the position, D is a
diffusion coefficient, D = µkT . Diffusion rate increase with increase of tem-
perature.
This model, however, cannot be applied to describe gas adsorption on Pc
layers quantitatively. Too many approximations are made, which could be
not valid in real system. It is not clear, how to define the surface for poly-
crystalline or amorphous material. Absorption centers could not be equal.
Structural defects can influence the diffusion process. Thus, this model can
be applied only to describe interaction of Pc with gases qualitatively.
3.2.3 Phthalocyanine-based gas sensors
There are a lot of literature references about phthalocyanine-based gas sen-
sors. Pcs with different central metal atoms and different substituents are
studied. The most references, however, consider Cu, Al, Zn, Ni and metal-
free non-substituted Pcs. The most used method for gas sensitivity studies
are light absorption-based, chemiresistive methods, QCM, SPR, ellipsome-
try, surface acoustic wave, Auger spectroscopy and cyclic voltammetry. Some
electrical sensors are studied in FET geometry.
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Sensors for nitrogen oxides
Nitrogen oxides are amongst the most toxic and environmentally dangerous
gases. From all nitrogen oxides the most dangerous are NO and NO2. The
others are non-toxic (like N2O) or rear (like N2O3 and N2O5). There is also
dimer of NO2, which is always present in some amount with monomer. Both
NO and NO2 are often produced together as a mixture and both of them are
strong acceptor of electrons, that is why they will be discussed in the same
section.
As examples of natural sources of NO2 one can mention:
• Bacterial activities and other biospheric processes
• Storm activities
Man-made sources are:
• Agriculture
• Combustion processes
• Welding
• Motor-vehicle traffic
Nitrogen dioxide is amongst the most pollutant gas produced by industry.
Usual method used for NO2 monitoring is chemiluminescence, quite expensive
technique. During the measurement, NO2 molecules are excited by ozone.
Deactivation of the excited state to the basic singlet state results in the
radiation, which is detected by photomultiplier. The method is usually used
in hydrometeorological stations. It is not possible to use it for everyday large
scale monitoring because of the price of the instrument. That is why there
is strong need in the cheap and simple sensor for environmental monitoring
and life safety applications.
Optical sensitivity. Pcs change their absorption spectrum in the presence
of NO2. The main changes are decrease of intensity of Q-band at wavelengths
between 600 and 700 nm, and appearance of a new bands with maxima at
about 500 nm and 700 nm. The effect is visible on the both absorption and
reflectance spectra (Fig. 3.7 and 3.8); and reported in literature for CuPc
[26–28], CoPc [27], NiPc [27], PbPc [27, 29, 30], titanium biphthalocyanine
[31,32], Fe(II)Pc [27,33] and lantanide diphthalocyanines [28]. Weak changes
of the absorption spectrum of H2Pc(tTBu)4 was also reported [28].
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Figure 3.7: Change of absorption
spectrum of amino-coordinated FePc
after exposure to 200 ppb NO2.
Figure 3.8: Change of reflectance
spectrum of titanium diphthalocya-
nine under exposure to different con-
centrations of NO2.
These changes are explained as the formation of charge transfer complex
between Pc and NO2, where Pc plays role of donor of electrons, and the
gas is acceptor. In this case, the peak in the red region around 700 nm is
the absorption of charge transfer complex, and the peak at 500 nm is the
absorption of non-relaxed exciplex state. Such changes of absorption spectra
of Pcs in the presence of electron acceptor are known [34]. The changes in the
case of diphthalocyanines are relatively higher due to the higher polarisability
of pi-conjugated system [20].
These literature sources report only partial reversibility of the changes
caused by NO2 interaction with Pc. It is proposed, that NO2 form two
complexes with Pc, transferring one and two electrons, according to the
following scheme [31,32]:
MePc + NO2 ←→ (MePc)+·NO−2
(MePc)+·NO−2 +NO2 ←→ (MePc) 2+·2NO−2
After first irreversible step, called “activation”, the change of spectrum is
reversible and depends on the concentration of NO2.
Electrical sensitivity. Chemiresistive methods are among the most used
for studying of NO2 detection. Exposure to nitrogen oxides leads to the
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Figure 3.9: Electrical sensitivity of
vacuum evaporated CuPc to NO2.
Figure 3.10: Structural formula
of tert-butyl silicon-[bis ethoxy]-
phtalocyanine.
change of conductivity of the most of non-substituted metallophthalocyanine
films. Experiments with the β-phase phthalocyanines deposited on interdig-
ital electrode system by vacuum deposition technique show slow increase of
conductivity for all metallophthalocyanines. These changes, as well as the
changes of optical properties, reported to be partially reversible, which leads
to the conclusion about the same mechanism of sensitivity, i.e., charge trans-
fer complex formation. Such behavior is mentioned for CuPc [35–38], and is
shown in Fig. 3.9. The electrical response is not stabilized in 3 hours of NO2
exposure, and after the exposure finishes, the response seems to be saturated
on the value of current higher than initial. Additionally, such sensors has
significant shortcoming that they work at the temperature of about 200◦C.
Similarly behave also Langmuir-Blodgett films from phthalocyanines,
substituted with alkyl substituents. As an example one can show NO2 sensi-
tivity of tert-butyl silicon-[bis ethoxy]-phtalocyanine [39] (see Fig. 3.10 and
3.11).
Several approaches was used to improve the sensor reaction speed and
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Figure 3.11: Sen-
sitivity to NO2 of
tert-butyl silicon-
[bis ethoxy]-
phtalocyanine
Langmuir-Blodgett
film.
recovery, as well as to simplify the deposition conditions:
1. Sample substrate modification.
2. Using additives to Pc films.
3. Modification of Pc structure by substituents of hydrogen in a conju-
gated ring.
The first approach allows to reduce reaction and recovery time up to 10 min-
utes, and measure reversible response at room temperature (Fig. 3.12). Alu-
minium, cadmium and cobalt phthalocyanines were deposited on the porous
silicone substrate, and interdigital electrode system was evaporated on the
top of the sensing film [40]. It was proposed, that the morphology of thin
film plays important role: the higher porosity of the thin film, the faster is
the response and recovery.
Here [41] the second approach is demonstrated. CuPc was functionalized
with different conducting polymers and the electrical response to NO2 was
tested. It was found that CuPc-functionalized polyaniline, polypyrrole and
polythiophene significantly increase their conductivity when exposed to NO2.
This effect was also explained as it was caused by charge transfer complex
formation. Optimizing the concentration of CuPc in polymers, one can reach
the change of conductivity for 2 orders of magnitude (in the case of CuPc-
modified polythiophene with the concentration of CuPc 2 mole %). Similar
results are discovered for PbPc-polypyrrole system [42] and can be seen in
Fig. 3.13.
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Figure 3.12: Sensitivity to NO2 of
metallophthalocyanine deposited on
porous silicone substrate: (a) AlPc,
(b) CdPc, (c) CoPc.
Figure 3.13: Sensitivity to NO2 of
PbPc-polypyrrole blend
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The third approach — usage of specially substituted Pcs. It will be
discussed in the results section of this work. NO2 sensitivity of thin films
made from Pcs substituted with electron accepting substituent are also
mentioned in literature. Here [43] the example of NO2 sensor from LB
film made from Cu(II)-tetrakis(3,3-dimethylbutoxycarbonyl)-phthalocyanine
is discussed. Exposure of thin film even to 600 ppm of NO2 does not causing
poisoning of the sensing layer and the response stays reversible.
Mechanism of interaction with NO2. Exposure of Pcs to the higher
concentrations of NO2 leads to the decomposition of macrocyclic ring with
the formation of phthalimide and other minor products. Partial nitration of
the macrocyclic ring and central metal atoms was also reported. Increase of
the temperature, NO2 concentration and exposition time speeds up decom-
position process [44]. This explains the partial irreversibility of deposited
Pcs. Also it allows to conclude that some additives to the sensing layer im-
proves its stability. Kinetic of the processes which take place during NO2
exposure were studied [42,45]. The rate-determining process appear to be of
the first order. That means, that the slow process is the formation of charge
transfer complex between Pc and NO2. The speed of this process increase
under higher temperature.
The data obtained by different methods let to conclude, that there
is charge transfer complex occur between Pc (acts as a donor) and NO2
molecules (acceptor). This complex has absorption maxima at 450–550 nm
and 700–800 nm. This complex dramatically increase conductivity, because
it decreases density of electrons on Pc rings and improves the probability of
holes hopping. The rate constant of the formation of CTC process is equal
to 1, the same was found by studying kinetics of electrical response. It was
found by quantum chemical calculations that the most probable position for
NO2 adsorption is the central atom of Pcs.
Humidity sensors
Water vapors are always present in Earth atmosphere, and there is need in the
simple and reliable humidity sensors. They could be applied in meteorology
for atmosphere monitoring, in industry and in laboratory. Water vapor influ-
ences the sensing layers for other gases, so the humidity sensor is needed to
compensate the influence of water on the sensor for other analytes. Develop-
ment of humidity sensors focuses mainly in utilization of change of electrical
properties of materials: most publications consider chemiresistive [46–48] and
FET-based [49] sensors. However, the humidity senors based on the change
of optical absorption spectrum are also described [50,51].
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Thin films made from inorganic materials, such as MOS, change their
conductivity in the presence of water vapors, thus, could be used as humidity
sensors [46, 52]. One significant shortcoming of such materials is that they
operate at high temperature. Another approach is to use organic materials,
such as polymers [50] and low-molecular compounds. Among the lasts, ones
of the most promising are phthalocyanines.
Humidity, especially on higher level, influence the morphology of vacuum-
deposited Pc films. (RuPc)2 film swells under the influence of high-RH air,
as it is proved by AFM and time-resolved energy dispersive X-ray reflectivity
(EDXR) [53]. The changes caused by absorbed water in the bulk of sensing
layer are irreversible even after termal treatment. The desorption of water
found to occur only from the upper layers of the film. Lutetium diphthalo-
cyanine show reversible influence of the humidity for both Langmuir-Blodgett
and vacuum sublimed films [48]. The conductivity of the thin films decrease,
which confirm the swelling of the thin film in the presence of water.
Water cause change of electrical properties of non-substituted Pcs. This
property was utilized in attempt to create FET sensor for humidity based on
vacuum sublimated Pc thin film as a sensing layer [54,55].
Substituents attached to the benzene rings of Pcs can dramatically change
their behavior in wet atmosphere. Pcs substituted with sulfuric acid sodium
salts groups are extremely sensitive to humidity. The conductivity of the
thin films of such Pcs increase up to several orders of magnitude [47,56,57].
It was proposed that absorbed water hydrolize sodium sulfophthalocyanine
salt, increasing the stability of the Pcs dimers. The distance between Pc
rings decrease and thus, conductivity increase.
Sensors for volatile organic compounds
The detection of volatile organic compounds (VOCs) is important in many
fields of industry and life. One of the most perspective applications concerns
medical diagnostics and food industry. These applications have special re-
quirements to the sensor, the most important one is a selectivity. In nature,
VOCs usually are found in mixtures. That is why the main parameter for
the sensor is not only sensitivity and reversibility, but also the specificity of
response. Utilization of “electronic nose” concept for such sensors is therefore
logical.
Volatile organic compounds have usually low molecular weight, with rel-
atively high partial vapor pressure. Saturated concentration at normal con-
ditions can vary from 100 to 500000 ppm. One can find references for studies
of many VOCs in literature. The classification of most studied analytes are
shown on Fig. 3.14.
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Figure 3.14: VOCs which were considered as analyte for different Pc-based
gas sensors.
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Figure 3.15: Example of electronic
nose based on MOS chemiluminescent
detection. A) — schematic diagram
of the chemiluminescent sensor array
(a) and arrangement of the MOS spots
(b). B) — images obtained from the
sensor array after exposure to carrier
gas (a), ethanol vapors (b), H2S (c)
and trimethylamine (d). C) — images
demonstrates the selectivity to differ-
ent alcohols: methanol (a), ethanol
(b), 1-propanol (c) and 1-butanol (d).
Successful application of VOCs sensor is based on metal oxide semicon-
ductor sensing films. Such material is good for electrical [58,59] and chemilu-
minescent [60] detection. Response is claimed to be fast and reproducible, the
stability of the sensing layer is also good. Selectivity is achieved by the cre-
ation of the array of the sensors made from different materials, each of them
has different response to studied analyte. Typical example of such sensor is
shown in Fig. 3.15 [60]. As one can see, such an array is able to recognize
the members of one homologic group (for example, different alcohols).
Another approach to achieve selectivity is based on the idea, that different
properties of the same material is changed in different way during the expo-
sure to analyte. An example could be the different temperature dependence
of the sensing response to different analytes [58]. Response of such sensors
could be then processed by specially designed artificial neural network.
However, significant shortcoming os the sensors based on MOS is that
their operation is based on their catalytic activities, and they take place only
at high temperature, usually in the range of 200–400 ◦C. This significantly
limits the area of application, as well as improves the cost of the sensor.
Another problem is the deposition of thin films, which require special com-
plicated equipment. The other shortcoming is impossibility to use optical
detection methods, as MOSs are usually do not absorb in the visible spectral
range.
The last decade usage of sensing layer based on organic semiconductors
is studied. The operation is based on the fact, that analyte absorbed on the
sensing material change its electronic structure, thus, changing also the semi-
conducting properties. The example of such sensing material is fluorinated
polyimide [50]. It absorb light in the region near 500 nm, thus optical detec-
tion methods could be used. The light absorption decrease under exposure
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to ethanol, the sensitivity reaches 50 % with good reversibility. However,
the mechanism was not yet described. The long-term stability of polymeric
materials is still under question.
Low-molecular organic sensing materials, especially phthalocyanines,
were widely studied. Their application as a sensors for VOCs is promising
because Pcs are easily functionalized with different side groups and central
atoms. This allow to significantly change their properties and sensing abilities
without changing all technology of material processing. They are good can-
didates for both matrix-type and single material electronic nose applications.
The information about sensitivity to VOC is very unsystematic and is hard
to compare, as every author uses different parameters of the experiments.
Phthalocyanines are known to react to oxidizing or reducing analytes.
However, as many of VOCs are not strong donors or acceptors of electrons,
the sensitivity of Pc VOC sensor is low. As the main reason of conductivity
change for Pcs is the charge transfer complex formation, then Pcs will not
show good sensing properties for some VOCs [61]. There were not much
literature resources found with chemiresistive VOC detection. sensitivity
could be improved, however, with side groups substituents, which change Pc
electron affinity and ionization potential [62].
As all Pcs absorb light in visible region, it become possible to use opti-
cal spectroscopy for VOC detection. Reflectance absorption spectroscopy is
widely mentioned in literature. Typical scheme of this experimental method
is shown in Fig. 5.7a, and is also used in this work.
Spectrum of Pc changes under VOCs exposure [63–65]. These changes
appear to be different for each analyte, which gives practical basis for elec-
tronic nose applications [66]. Within the same homologic group, however,
the selectivity is poor, as it is seen in Fig. 3.16. This histogram show the
change of reflectance spectra in different wavelength regions R. Here R1 =
300–400 nm, R2 = 400–450 nm, R3 = 500–550 nm and R4 = 550–700 nm.
Sensitivity can be improved by using blends of phthalocyanines, with other
materials which influences electronic structure of the ring and central metal
atom, for example, porphyrines [67].
Optical detection by acquiring spectra in transmittance mode is more
suitable for studying mechanism of gas absorption. It was found, that under
influence of low-molecular alcohols Q and B-bands of the absorption spectra
of ZnPctBu decreased, while the band at 700–800 nm appear. Crystalline
film is more sensitive than amorphous.
Different methods, such as analysis of hydrogen bonds formation [61]
and quantum chemical calculations [65] show that alcohol molecule acts as a
ligand to central metal atom, forming a coordination bond. The significant
decrease of Q-band confirms this hypothesis. The scheme of the resulting
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Figure 3.16: Response of ZnPc−O−R
(a) and ZnPc−O−R with tert-butyl
substituted copper porphyrine blend
to different VOC.
complex is shown in Fig. 3.17. The optimal distance from the central Pc
atom and oxygen from alcohol –OH group is between 2.4 and 3.0 A˚.
QCM technique is widely used for VOC detection. Single material cannot
be used for selective detection [68]. Several Pcs has different ability to absorb
different VOCs, so the matrix-type electronic nose could be made [69] (see
Fig. 3.18). Results which were obtained for this type of experiment, confirm
the results from optical and chemiresistive methods and show better inter-
action with polar molecules, especially for alcohols. Metal-free substituted
Pc show lower absorption of VOC, due to impossibility to coordinate with
central atoms. Relatively strong pi – pi interaction was found between Pc ring
and aromatic VOCs, such as benzene, toluene and m-xylene [70].
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Figure 3.17: Structural
scheme of ZnPctBu-alcohol
complex with calculated
optimal distance between the
Pc and analyte.
Figure 3.18: Normalized
amount of absorbed ma-
terials on several types of
Pcs. High value means also
high interaction energy of
Pc-analyte.
Chapter 4
Materials
In this chapter, the list of materials under study, as well as infor-
mation about their synthesis, availability and basic properties is pre-
sented. It is mainly concentrated on the characterization and utilization of
substituted soluble phthalocyanines and poly[3,4–ethylene(dioxy)thiophene]
poly(styrenesulfonate).
4.1 Phthalocyanines
Figure 4.1: Structural for-
mula of phthalocyanine; M is
a central atom(s), R is a sub-
stituent.
General structural formula of phthalocya-
nines is shown in Fig. 4.1. Letter M in the
center of the ring symbolize a metal atom
with valence two, or two hydrogen atoms.
R are the substituents of the ring or hydro-
gen atoms. In practice, we usually cannot
obtain chemically pure substituted phthalo-
cyanine with precise position of the sub-
stituent. Here we work with mixtures of Pcs
with substituents placed in different possible
positions. The possible differences in prop-
erties of these mixtures are often neglected.
The list of all phthalocyanines under study
is shown in Table 4.1. The materials were
synthesized at VU´OS Pardubice (Research
Institute for Organic Syntheses) by Dr. Jan
Rakusˇan and Dr. Marie Kara´skova´. Syn-
thetic procedures of these materials are de-
scribed below.
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4.1.1 Synthesis
Synthesis of sulfo-substituted Pcs
Sulfo-substituted phthalocyanines were synthesized from non-substituted
derivatives by sulfonation. Non-substituted phthalocyanine was dissolved
in 10% oleum and heated during 6 hours at the temperature 85 ◦C. After
that the solution was putted to ice. The sediment which appears during
cooling down was filtered and washed with base solution until pH = 11.
Synthesis of sulfonamide-substituted Pcs
As sulfonamide-substituted Pcs are the main materials used in this work,
their full synthesis is presented here.
Synthesis of metal-free phthalocyanine (H2Pc). Metal free phthalo-
cyanine was prepared according the US Pat. 3.297712. 300 g of 1,2-
dicyanobenzene was suspended in 270 g of quinoline and subsequently heated
under the hydrogen blanket in an autoclave (volume 2000 ml, pressure 10
MPa, temperature 200 ◦C) for 8 h. After the reaction has been finished, the
dark blue suspension was taken out from the autoclave and filtered. The fil-
tered cake was thoroughly washed with acetone and dried until the constant
weight. By this way 106,4 g of dark blue product was obtained.
Synthesis of metal-free phthalocyanine sulfochloride. 10 g of H2Pc
was dissolved in 56 g of chlorosulfonic acid and heated in 500 ml Keller flask,
equipped with agitator, thermometer, dropping funnel and reflux cooler, at
the temperature 100◦C for 30 min. The reaction mixture was by agitating
cooled down to the temperature 85 ◦C and subsequently 14.5 g of thionylchlo-
ride was gradually charged with dropping funnel into the reaction mixture at
the temperature between 80 - 85◦C. When the thionylchloride was charged,
the reaction mixture was heated for 2 h at the temperature 100 ◦C. The re-
action mixture was cooled down by agitating to the laboratory temperature
and gradually charged from dropping funnel into the agitated mixture of 1000
g ice and 1500 ml water. Precipitated H2Pc sulfochloride was filtered and
washed with ice-water until the analytical test with BaCl2 solution on sulfate
anion was negative. 62 g of wet H2Pc sulfochloride filter cake was obtained.
Small sample, ca. 10 g of the wet filter cake, was dispersed in methanol, fil-
tered, washed with methanol, filtered and dried. The hydrolysable chlorine
content was determined by argentometric titration, after alkaline hydrolysis
of the dry sample. The content of hydrolysable chlorine was found to be 11.2
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%. The average number of SO2Cl groups on H2Pc molecule was 2.2. The
rest of wet filter cake was kept in freezing box at the temperature 18 ◦C.
Synthesis of metal-free phthalocyanine sulfonamide (H2PcSu). 52
g of frozen filter cake of H2Pc sulfochloride was crushed and fully dispersed
by agitation in 26 ml of water. Temperature of the mixture was 3 ◦C.
After the H2Pc sulfochloride was fully dispersed, 10 g of N,N-diethyl-1,3-
propanediamine was charged into the dispersion at once. The temperature
of the mixture immediately reached 16 ◦C. The mixture was then subse-
quently agitated at temperature 6 ◦C for 6 h. The reaction mixture was
then filtered and the filter cake of sulfonamide was thoroughly washed with
water. The washed filter cake was dried until the constant weight. 4.5 g of
dry product was obtained.
Synthesis of zinc phthalocyanine (ZnPc). 43 g 1,2-dicyanobenzene,
15.6 g anhydrous zinc chloride, 45 ml ethanol and 25 ml ethanol solution
of sodium ethanolate (0.01 g of Na per ml) were charged into the 500 ml
flask equipped with agitator, thermometer, dropping funnel and cooler. The
mixture was agitated and heated in order to remove ethanol by distillation.
Ethanol was gradually changed for 1-octanol, which was gradually charged
into the mixture through dropping funnel. The reaction mixture was agi-
tated at the temperature 175 ◦C for 3 h. Then the mixture was cooled down
to 110 ◦C, the distillation cooler was changed for the reflux cooler and 250
ml of ethanol was charged into the reaction mixture through dropping fun-
nel. Dark blue product was isolated by filtration, thoroughly washed with
ethanol, water and dried to constant weight. 36.4 g of zinc phthalocyanine
was obtained by this way. Its purity was 95.5 %, counted from Zn content,
which was found to be 10.8 %.
Synthesis of zinc phthalocyanine sulfochloride. 20 g of ZnPc was
dissolved in 112 g of chlorosulfonic acid and heated in 500 ml Keller flask,
equipped with agitator, thermometer, dropping funnel and reflux cooler, at
the temperature 100 ◦C for 30 min. The reaction mixture was cooled by
agitation to the temperature 85 ◦C and subsequently 20 g of thionylchloride
was gradually charged through dropping funnel into the reaction mixture at
the temperature between 80-85 ◦C. After all the thionylchloride had been
charged, the reaction mixture was heated for 2 h at the temperature 100 ◦C.
The reaction mixture was then cooled by agitation to laboratory temperature
and gradually charged from dropping funnel into the agitated mixture of 1000
g ice and 1500 ml water. Precipitated ZnPc sulfochloride was filtered and
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washed with ice-water until the analytical test with BaCl2 solution on sulfate
anion was negative. 80 g of wet ZnPc sulfochloride filter cake was obtained.
Small sample, ca. 10 g of wet filter cake, was dispersed in methanol, filtered,
washed with methanol, filtered and dried. The hydrolysable chlorine content
was determined by argentometric titration, after alkaline hydrolysis of the
dry sample. The content of hydrolysable chlorine was found to be 8.1 %.
The average number of SO2Cl groups on ZnPc molecule was 1.5. The rest of
wet filter cake was kept in freezing box at the temperature 18 ◦C.
Synthesis of zinc phthalocyanine sulfonamide (ZnPcSu). 70 g of
frozen filter cake of ZnPc sulfochloride was crushed and fully dispersed by
agitation in 40 ml of water. The temperature of the mixture was 3 ◦C.
After the ZnPc sulfochloride was fully dispersed, 20 g of N,N-diethyl-1,3-
propanediamine was charged into the dispersion at once. The temperature of
the mixture immediately reached 28 ◦C. The mixture was then subsequently
agitated at the temperature 60 ◦C for 6 h. The reaction mixture was then
filtered and the filter cake of sulfonamide was thoroughly washed with water.
The washed filter cake was dried until the constant weight. 16 g of dry
product was obtained.
Synthesis of zinc amino-substituted phthalocyanine
Amino-substituted zinc Pc was synthesized by reduction of nitro-substituted
ZnPc derivative. The last one was obtained by condensation of nitro-
substituted phthalic anhydride in the presence of ZnCl2.
4.1.2 Solubility
It is relatively easy to manipulate with soluble materials, as they give to us
a possibility to use wet techniques for thin films preparation. The solubility
of the Pcs is not significantly influenced by the central atoms, but rather by
the side-groups, attached to the different positions of outer benzene rings (“–
R” in Table 4.1). It is necessary, however, to chose a proper solvent for each
material. Pc should not only be soluble enough to prepare high concentration
solution for thin film deposition, but the solution must have good adhesion
to different substrates, such as glass, silica glass, ceramic, silicon, etc. for use
in various types of experiments. Also, the solvent should be volatile enough
for the preparation of homogeneous good quality thin films.
Phthalocyanines sulfuric acid sodium salts (sulfo-substituted phthalocya-
nines) are soluble in water. Thus, water was used for thin films preparation
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Figure 4.2: Struc-
tural formula of
PEDOT-PSS
and for the measurements of absorption spectra in solution. The signifi-
cant shortcoming of such thin films is their instability in higher humidity
(RH > 80%).
Phthalocyanine sulfuric acids are not soluble in usual solvents. Before
using these materials in experiments, the acids must be neutralized by ex-
ceeding amount of sodium hydroxide to produce sodium salts.
3-Diethylamino-1-propylsulphonamide substituted phthalocyanines
(PcSu) are well-soluble in the most of polar organic solvents. The best
solvents are chloroform, toluene, benzene and tetrahydrofuran. These
phthalocyanines are not soluble in water, which is positive property for the
range of experiments, allowing, for example, to measure oxidation potential
of the thin film in water-based electrolyte. On the other side, FePcSu is not
soluble in these solvents, thus, DMSO was used for thin films preparation.
Tert-butyl substituted Pcs are soluble in the same solvents as
sulfonamide-substituted Pcs. In the most cases, chloroform was used for
thin films preparation.
Amino- and nitro-substituted phthalocyanines are bad soluble. The best
solvents seems to be dimethyl formamide (DMF) and dimethyl sulfoxide
(DMSO). However, an adhesion of such solutions to the most used surfaces
was very poor. DMSO shows slightly better results in some cases.
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4.2 PEDOT-PSS
In this work, Poly[3,4-ethylene(dioxy)thiophene] poly(styrenesulfonate)
(PEDOT-PSS) and its derivatives were used as sensing material for ethanol
sensor and as a charge carriers injection layer. Also, the properties of some
new PEDOT derivatives were studied. PEDOT-PSS water dispersion was
obtained from H.C.Starck, product PEDOT CLEVIOSTMP. It is dark vis-
cous liquid with good adhesion to glass, silica glass and ceramic, so one can
easily use it for thin layers preparation. Once the thin film is prepared, this
material is not soluble in water or common organic solvents; thus, it can be
used in aggressive environments. Its chemical formula is shown in Fig. 4.2.
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Chapter 5
Experiments and methods
This section describes all experimental methods, which were used for ma-
terial characterization and the study of optical, electrical and gas sensing
properties.
5.1 Optical spectroscopy
Several methods were used for the material identification and the determi-
nation of their optical properties and thin film structure. These methods,
sometimes in simplified form, were also used for the detection of sensoric
responses. In this work we use absorption spectroscopy in transmittance and
reflection mode, infrared spectroscopy and wide angle X-ray scattering. In
the next sections these methods will be described in details.
5.1.1 Absorption spectroscopy in transmittance mode
This method was used for the characterization of studied materials and
for the study of mechanism of sensitivity to gases. Perkin-Elmer Lambda
950 UV-VIS-NIR spectrometer was used for the measurements of absorption
spectra in solution and in thin films. Sensoric measurements were performed
only for thin films of materials. UV-VIS-NIR spectrometers Perkin-Elmer
Lambda 950 as well as JASCO V-570 were used for these experiments.
Spectra in solution
The spectra were measured using silica glass cuvettes with inner thickness
10 mm. The sample cuvette was filled with the solution of studied material
in spectroscopic grade solvent. A reference was the same pure solvent which
was used to dissolve studied materials. The list of materials studied by this
43
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Table 5.1: Parameters of solutions used for the study of optical properties of
Pcs.
Material Solvent Concentration, g mol−1
ZnPcS
water
1.30× 10−5
CuPcS 8.66× 10−6
AlPcS 1.08× 10−5
NiPcS 1.14× 10−5
ZnPcSu
CHCl3
9.30× 10−6
H2PcSu 1.23× 10−5
CuPcSu 9.82× 10−6
FePcSu DMSO 8.47× 10−6
NiPcSu CHCl3 8.51× 10−6
ZnPctBu CHCl3 1.17× 10−5
ZnPcAm
DMSO
1.57× 10−5
ZnPcNitro 1.32× 10−5
method, solvents used for solution preparation and the concentrations of the
solutions are shown in Table 5.1.
Spectra in solid phase
Thin films were deposited on silica glasses. The substrates were cleaned with
hot peroxisulfonic acid during 30 minutes, after that they were rinsed with
distilled water. The deposition methods were spin-coating and drop-casting.
Many factors, like solubility, boiling temperature of solvent, adhesion of the
solution, etc. influence the procedure. The speed and time of the spin-coating
were different for each material. The analytical grade solvents were used for
the solution preparations. Table 5.2 shows a list of materials studied by
this method, solvents used, deposition method and parameters of deposition
(rotation speed, time).
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5.2 Electrical measurements
This section includes description of experiments, which were performed in
order to determine electrical properties of studied materials, such as con-
ductivity and photoconductivity, photovoltaic behavior, energy structure,
semiconductor type, etc.
Figure 5.1: Substrate with inter-
digital electrode system for elec-
tric measurements and gas sens-
ing properties investigations.
Samples with interdigital electrode
system were used for preliminary charac-
terization of materials (Fig. 5.1). Gold
interdigital electrodes were deposited on
ceramic substrates using vacuum evapo-
ration technique. The distance between
electrodes was 30 µm. Thin film of stud-
ied material was deposited over this sub-
strate. Deposition method varied de-
pending on the type of the material. The
list of materials used in experiments is
presented in Table 5.2. The parameters
of thin films used for electrical investiga-
tions, were approximately the same as of
the layers deposited on silica glass sub-
strate for optical measurements. The samples were studied using DC or AC
technique.
“Sandwich”-type samples were used for the studies of diode and photo-
diode behavior. On the glass substrate, the bottom electrode (gold or ITO)
was deposited. Over the electrode, the thin film of the studied material was
placed. On the top of the sample, aluminium electrode was vacuum evapo-
rated. PEDOT layer was deposited between bottom hole injecting electrode
and studied material to realize good ohmic contact between them.
Equipment which was used for electric characterization experiments is
shown in Fig 5.2. Studied sample was placed into the vacuum cryostat with
2 quartz windows. It allowed the illumination of the sample surface. The
chamber was evacuated by turbomolecular pump, the pressure was measured
with Balzers vacuum meter. The pressure was about 10−3 Pa. Current flow-
ing through the sample was measured with Keithley 6517A electrometer –
high resistance meter. Temperature of the sample was regulated using Con
Brio temperature control system. Sample was irradiated using Oriel halogen
lamp model 66184 with monochromator Oriel CornerStone. A semitranspar-
ent mirror (approximately 90 % of photons passed through it) was used to
split the light beam for the light intensity control by photodiode. Light is fo-
cused on the sample by the system of lenses. The signal from the photodiode
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Figure 5.2: Scheme
of experimental setup
for electrical proper-
ties investigations of
studied materials.
Figure 5.3: Scheme of the
sample holder for electrical
properties investigations.
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Figure 5.4: Scheme
of the experimental
setup used to control
the gas composition.
was measured by digital multimeter Agilent 34401A. Diametral P230R51D
power supply was used as a voltage source for the photodiode. The TTi
TSX3510P power supply was used as a voltage source for the halogen lamp.
The light intensity, temperature of the sample and wavelength of light were
controlled from the PC using IEEE 488.2 (GPIB) and RS-232 interfaces. The
data from current meter and photodiode voltmeter were collected to the PC
through IEEE 488.2 interface.
The sample was fixed on the specially designed sample holder (Fig. 5.3),
which was placed into the sample chamber (see Fig. 5.2). Temperature was
measured by two thermocouples, one was placed on the sample surface and
the other on the Peltier element. Water circuit kept working temperature for
the Peltier element.
5.3 Gas sensors measurement
This section covers all experimental details connected with gas sensitivity
measurements. The first experimental problem was to prepare a mixture
of the gases with known concentration. The second problem was the mea-
surement of the sensitivity to gases itself. This property was measured with
different methods: optical reflection and transmittance, electrical and pho-
toelectrical measurements and by quartz crystal microbalance. They are
explained in details in the following sections.
5.3.1 Gas composition control
Specially designed experimental setup was used to control the gas composi-
tion (Fig. 5.4). The studied gas was mixed with the inert gas and then flown
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Figure 5.5: Modified cuvette with Pc
layer for optical gas sensitivity mea-
surements.
to the specially designed sample chamber. The amounts of each gases were
controlled by different mass flow controllers: Alicat Scientific 16 series for
inert gases; Omega FMA3703 and Sierra C100 Series Smart-Trak for NO2.
This setup allows to dilute the analyte up to 1000 times.
Nitrogen dioxide was supplied as a mixture with air on the concentration
level 100 ppm. In order to measure the sensitivity to liquid volatile com-
pounds and water, special bottles — “the bubblers” were filled with studied
liquid. Then the inert gas was bubbled through them, so it gets saturated
with certain amount of analyte vapors. The partial pressure of the vapors in
the resulting gas depended on many factors, and it was extremely hard to
estimate it analytically. To get the mass of the analyte which was evaporated
during the measurement, the bubbler mass was measured before and after
the experiment. The difference of masses were taken for the determination
of the amount of analyte which was evaporated during experiment. Knowing
the flow of the inert gas, one could calculate the concentration of the analyte.
5.3.2 Optical gas sensitivity
Optical gas sensitivity was measured by two modes: transmittance and re-
flection mode. According to this the measuring setup differed.
Transmittance mode
Spectroscopic cuvette made from fused silica glass was used to perform op-
tical gas sensor tests in the transmittance mode (Fig. 5.5). The cuvette was
closed with the specially modified plug. Gas inlet and outlet tubes were fed
50 CHAPTER 5. EXPERIMENTS AND METHODS
Figure 5.6: Scheme
of the chamber for ab-
sorption spectroscopy
gas detection in re-
flection mode.
(a) Scheme of light reflec-
tion.
(b) Scheme of the
probe.
Figure 5.7: Principle of operation of reflectance spectroscopy and the scheme
of the experimental setup.
through this plug, so one could achieve constant flow of the gas through the
cuvette. Composition of the incoming gas was controlled using the setup
shown in Fig. 5.4. Thin film from studied material was deposited on the in-
ner walls of the cuvette by drop-casting. After the film dried, measurement
was performed using Perkin-Elmer Lambda 950 UV-VIS-NIR spectrometer.
Reflection mode
The general principle of gas detection using absorption spectroscopy in re-
flection mode is depicted in Fig. 5.7a. The experiment was performed in
specially designed sample chamber (Fig. 5.6). The samples for this mea-
surement were prepared on fused silica glass substrate by spin-coating. After
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Figure 5.8: Scheme
of the chamber for
electrical gas sensor
measurements.
drying, the sample was placed inside the chamber for measurements. The
bottom of the chamber was covered with black paint to prevent reflection
from the bottom of the chamber through the sample. In this way, only
reflection from the studied layer and from the substrate took place. The
chamber was closed with special cover. A probe from bifurcated optical fiber
was fitted through this cover. The distance between the tip of the probe
and the sample surface was 1 mm. Light from the source passed through the
central fiber of the probe and irradiated the sample. Reflected light from the
sample was collected by a bunch of six fibers, situated around the central ir-
radiating fiber. This bunch passes light to the input of the spectrometer (Fig.
5.7b). Diode-array Ocean Optics USB 2000 and LAO LASP spectrometers
were used for reflection spectra acquisition.
5.3.3 Electrical gas sensitivity
All electrical gas sensitivity measurements were performed in the sample
chamber depicted in Fig. 5.8. The sample was placed on the special holder
with heater and thermoresistor for the temperature control. The sample
layed on the heater, and the side of the substrate which was covered with
testing layer was on the top. In the other side of the holder the thermoresistor
was placed. Both substrate and sample holder were made from ceramic of the
same thickness, so the temperature measured by thermoresistor was actual
temperature of the sensing layer.
There are samples with interdigital electrode systems used for general
electrical gas sensing measurements. They are shown in Fig. 5.1.
In the case of photoelectrical gas detection, the sample was illuminated
by a photodiode placed under the sensing layer. The red photodiode with
maximum wavelength at 600 nm was used to irradiate phthalocyanine layers.
Electrical measurements were performed in DC and AC mode. For the
DC current detection, Keithley 6517A electrometer was used; AC current
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Figure 5.9: Scheme
of the chamber for
QCM gas sensor mea-
surements.
was measured using HIOKI 3532-50 LCR HiTESTER bridge.
5.3.4 Quartz crystal microbalance mass measurement
Experimental setup used for quartz crystal microbalance (QCM) measure-
ments is shown in Fig. 5.9. The sample holder was situated on the cover of
sample chamber. Thin film of studied material was deposited on the quartz
crystal and the sample was placed in the sample holder. After that the
gas was flown and the change of mass of quartz crystal was measured when
the atmosphere changed its composition. TM-400 thickness monitor from
Maxtek inc. was used to detect the vibration frequency of quartz crystal.
Chapter 6
Results and discussions
6.1 Structure determination
Chemical structure of studied materials was confirmed by FTIR and elemen-
tal analysis. UV-VIS absorption spectroscopy also confirms the electronic
structure of Pcs, the spectra contain all characteristic peaks. Absorption
spectra are discussed in the Section 6.2. The structure determination is dis-
cussed below in details.
6.1.1 Fourier-transform infrared spectroscopy
The spectra of all studied Pcs are shown in Fig. 6.1. All the spectra show
peaks characteristic for Pc ring. The presence of additional peaks are ex-
plained by the influence of substituents. Below, the analysis of the spectra
of each group of studied materials is presented.
Sulfo-substituted phthalocyanines
There are several sulfo-substituted Pcs studied in this work. The list of
absorption maxima in the spectra are summarized in Table 6.1. The main
characteristic band for this type of Pcs are stretching vibrations of sulfo-
groups in the region of 1174–1252 cm−1. Very broad bands at 3000–3400
cm−1 suggest that all sulfo-substituted Pcs contain water. Other peaks,
characteristic for Pc rings, confirm the structure of conjugated part of the
molecules.
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Figure 6.1: FTIR spectra of phthalocyanines under study.
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Table 6.1: Interpretation of absorption peaks found in FTIR spectra of sulfo-
substituted phthalocyanines. The frequencies ν are given in cm−1.
ZnPcS2 CuPcS4 NiPcS2 AlPcS2 Interpretation
3386 3410 3386 3378 Water O–H stretching
3058 3094 3080 (sh) 3088 C–H stretching in aryl
2844 2864 2894 2858
2616 2638 2676 2650
2546 2576 2596 2560
1650 (sh) 1700 (sh) 1634 (sh) 1648 (sh)
Isoindole stretching
1606 1636 1608 1608
1586
1610 1558 1568 Pyrrole stretching
1564
1508 1540 — —
Isoindole + aza-stretching
1482 1506 1530 1496
1456 1472
1490 1474
1470 1460
1440 1452 1430 1440
1406 (sh) 1422 (sh) 1414 1420
Pyrrole stretching
1388 1400 1398 1392
1328
1332
1330 1330
Isoindole specific vibrations
1286 1294 1296
1248 (sh)
1212 (sh)
1252 (sh) 1244 (sh)
Sulfo-group stretching1220 (sh) 1222 (sh) 1218 (sh)
1180 (sh) 1178 1174
1168 1182 1168 —
Pyrrole vibrations
1152 (sh) 1146 1146 1156
1116 1108 1121 1138
Isoindole vibrations
1100 (sh) 1100 1090 1116
1088 1074 1070
1090
Pyrrole deformations1078
1054 1054 1054 1058
1024 1026 1026 1024 Aryl C–H bending
952 964 964 956 Pc ring vibrations
890 924 918 908
Isoindole vibrations
880 (sh) 904 906 874
836 834 834 838 Pc ring vibration
810 — 808 —
772 782 774 772 (sh)
Continued on next page
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Table 6.1 continued from previous page
ZnPcS2 CuPcS4 NiPcS2 AlPcS2 Interpretation
754 762 758 762
C–H wag and other vibra-
tions
732 746 736 743
718 736 (sh) 720 724
700 694 706 704
682 686 688 686
662 646 667 666 Pc breathing
628 630 630 620
592 598 594 594
572 592 560 560
Sulfonamide-substituted phthalocyanines
The maxima of absorption bands observed in the spectra of Zn, Cu, Ni,
Fe and metal-free phthalocyanines are listed in Table 6.2. All studied sul-
fonamide Pcs contain absorption bands which are characteristic for their
non-substituted derivatives [71, 72]. The strong peaks which correspond to
stretching and bending of N–H bond in the center of Pc ring (3286 and 1018
cm−1, respectively) are found only in the spectrum of metal-free Pc, as it
is expected. There are additional peaks present in the spectra, which are
not observed in non-substituted Pc compounds. They are assigned to sulfon-
amide group vibrations. The peaks at 1132–1144 cm−1 and 1028–1050 cm−1
are assigned to O=S=O stretching vibrations, asynchronic and synchronic,
respectively. The peak at 1254–1258 cm−1 is assigned to N–H bond in the
sulfonamide group in-plain bending, and the peak at 564–568 cm−1 is out-of-
plain wag of the same bond. Additionally, there is very weak N–C stretching
vibration peak which could be found at 952–966 cm−1. There are also ab-
sorptions typical for C–H alkyl groups found in the spectra. The peaks at
2964–2970, 2930–2934, 2868–2874 and 2800–2816 cm−1 are assigned to C–
H stretching vibrations in alkyl groups; the peak at 1372 cm−1 is bending
vibration of the same group; and peaks at 1386–1400 are characteristic for
CH3 group (so called “umbrella” deformation).
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Table 6.2: Interpretation of absorption peaks found in FTIR spectra of
sulfonamide-substituted phthalocyanines. The frequencies ν are given in
cm−1.
ZnPcSu H2PcSu CuPcSu NiPcSu FePcSu Interpretation
— 3286 — — — Central N–H
stretching
3080
3070
3082 3088 3076 C–H stretching
in aryl3056 3062 3064 3058
2966 2966 2964 2966 2970
C–H stretching
in sulfonamide
substituents
2930 2932 2930 2932 2934
2868 2872 2870 2872 2874
2806 2806 2800 2806 2816
1714 1712 1712 1712 —
1654 1656 — — 1644
1608 1610 (sh) 1608 1608 (sh) 1608
C–C stretching
in benzene
1596 1604 1598 1600 —
1566 1572 (sh) 1572 1580 1582
1520 1536 1536 1564 1560 Aza bridge
stretching
1482 1500 1504 1532 1512 Stretching of
pyrrole and aza
1466 (sh) 1466 (sh) 1462 1466 1464 (sh)
isoindole
stretching
1450 1446 1448 1450 1446
1408 1402 1418 (sh) — 1426
1386 1390 1392 1400 1392 CH3 umbrella
deformation
1372 (sh) 1372 1372 (sh) 1372 — C–H bending in
sulfonamide sub-
stituent
1330 1330 1330 1330 1330 (sh)
Pyrrole stretch
1316 (sh) 1318 1318 (sh) 1322 1318
1284 — 1290 — — Aryl C–H bend-
ing
1254 1254 1258 1254 1256 N–H in-plain
bending in
sulfonamide
substituent
— 1234 — — —
Continued on next page
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Table 6.2 continued from previous page
ZnPcSu H2PcSu CuPcSu NiPcSu FePcSu Interpretation
1186 1178 1186 1192 1184
1150 1152 1148 1148 1146 Aryl C–H bend-
ing
1136 1144 (sh) 1136 1132 (sh) — Asynchronic
O=S=O stretch-
ing
1114 1120 1114 1112 (sh) 1118 Isoindole breath-
ing
1088 1092 1088 1090 1102 (sh) Aryl C–H bend-
ing
1074 1082 1072 (sh) 1072 (sh) 1082 (sh) Isoindole defor-
mation + aza
stretching
1064 1074 (sh) 1046 1050 1048
1046 1050 1026 1028 1026 Synchronic
O=S=O stretch-
ing
— 1018 — — — Central N–H
bending
1004 (sh) — 990 (sh) 988 1006 (sh) Pyrrole N in-
plain bending
952 958 956 966 964 N–C stretching
in sulfonamide
substituent
896 880 908 924 922 Isoindole defor-
mation + aza
stretching
878 (sh) 862 (sh) 882 912 (sh) 906
850
832 870
888 890
836 874 874
808 808 804 806 804
774
770 (sh)
770 776 (sh) 776
Pc ring
752 758 764 760
732 740 734 746 748
C–H wag
720 720 720 724 726
700 — 700 706 704
682
688 680 690 676
Pc breathing
Continued on next page
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Table 6.2 continued from previous page
ZnPcSu H2PcSu CuPcSu NiPcSu FePcSu Interpretation
578 670 678 670
662 (sh) 646 658 650 656 (sh)
650 632 646 642 644
634 614 (sh) 626 624 624 Pc breathing
612 602 614 610 610
578 (sh) — 580 (sh) 576 (sh) 580 (sh)
564 566 566 564 568 (sh) N–H out-of-
plain wag
552 556 556 556 560
540 (sh) 538 538 (sh) 538 (sh) —
510 510 508 508 —
500 488 494 492 502
488
474
476 474 490
474 468 466 472
tert-Butyl-substituted phthalocyanines
There were two tert-butyl-substituted Pcs with different central atom studied
in this work: zinc and copper Pcs. Their maxima of the absorption bands
with their interpretation are listed in Table 6.3. Three bands at 2952, 2902
and 2864 cm−1 confirms the presence of alkyl C–H bonds. There are also
peaks at 1392 and 1362 cm−1, which are characteristic for methyl groups.
All peaks characteristic for Pc ring are also presented in the spectra.
Table 6.3: Interpretation of absorption peaks found in FTIR spectra of tert-
butyl-substituted phthalocyanines. The frequencies ν are given in cm−1.
ZnPctBu CuPctBu Interpretation
3194 3204
3098 3080
Benzene C–H stretching3054 3060
3032 3036
2952 2954
C–H stretching in tert-butyl substituent2902 2902
Continued on next page
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Table 6.3 continued from previous page
ZnPctBu CuPctBu Interpretation
2864 2864
2554 2584 Vibrations in pyrrole
— 1902
Bending in benzene rings involving C–H bonds
1788 1778
— 1732 C=N stretching in pyrrole
1678 (sh)
1686
1645
1612 1614 Isoindole stretching
1586 1584
— 1530
Isoindole + aza stretching and alkyl CH3
group C–H bending
— 1508
1490 1482
1468 1460
1452 —
1444 —
1434 —
1402 1404 Pyrrole stretching
1392 1392
C–H bending in CH3 groups1362 1362
1324 1342
Isoindole specific vibrations
1314 (sh) 1322
1278 1280 Pyrrole vibrations
1256
1256 Vibrations in benzene rings
240 (sh)
1200 1200
Isoindole vibrations
1190 —
1152 1152
Pyrrole vibrations
1136 1146
1098 — Isoindole vibrations
1086 1090 Isoindole vibrations involving central N–H
bond
1070 (sh) —
1046 1050 Isoindole vibrations
1022 1023 Aryl C–H out-of-plain bending
994
1004 (sh) Isoindole vibrations
982
Continued on next page
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Table 6.3 continued from previous page
ZnPctBu CuPctBu Interpretation
958 965 Pc ring vibrations
920
930
916 Isoindole vibrations
894 892
858 866
840 852
830 826
808 (sh) —
782 777
Mixture of alkyl C–H and N–H wags
760 764
750 746
716
725
704 (sh)
674 670
Aryl C–H wag and Pc breathing
674 670
— 644
632 616
604 600
572 586
568 566
524 530
Amino-substituted phthalocyanines
In this work, we consider only amino-substituted zinc phthalocyanine. The
maxima of the absorption bands of this Pc with interpretations are listed
in Table 6.4. One can see the peaks related to N–H stretching in amino-
substituents at 3600–3220 cm−1. Another peaks which confirm the presence
of the amino-substituents are found at 1660–1664 cm−1 (N–H bending) and
1262–1272 cm−1 (stretching of C–N bond between carbon involved to the con-
jugated skeleton and nitrogen of amino-substituent). Apart of these peaks,
all bands characteristic for Pc ring are presented in the spectra.
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Table 6.4: Interpretation of absorption peaks found in FTIR spectra of
amino-substituted phthalocyanines. The frequencies ν are given in cm−1.
ZnPcAm Interpretation
3612
Stretching of N–H in amine
3376
3090
C–H benzene stretching2930
2838
1930
Bending in benzene rings involving C–H bonds
1824
1720 (sh) C=N stretching in pyrrole
1660 Amino substituent N–H bending
1608 Isoindole stretching
1590 Pyrrole stretching
1512
Isoindole + aza stretching
1484
1464
1442
1400 Pyrrole stretching
1324
Isoindole specific vibrations
1286
1262 C–N stretch in amino-substituent
1250 Isoindole vibrations
1132 Pyrrole vibrations
1114 Isoindole vibrations
1096 (sh) Isoindole vibrations
1082
Pyrrole deformations
1070
1038 aryl C–H bending
968 (sh) Pc ring vibrations
922
906 Isoindole vibrations
844
836
816
804 Pc ring vibrations
778
Continued on next page
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Table 6.4 continued from previous page
ZnPcAm Interpretation
756
Mixture of C–H and N–H wag724
704
676 Pc breathing
482
6.1.2 Elementary analysis
An attempt to prove the structure of Pcs under study was done with ele-
mentary analysis. The comparison between theoretical composition of the
studied materials and concentration of elements found by molecular analysis
and atomic spectroscopy is shown in Table 6.5. Common summary of this
table is the fact that Pcs are not fully decomposed to the gases which could
be detected analytically. There is the amount of sulfur is much lower than
the estimated values. Amount of oxygen can not be estimated experimen-
tally, so it was calculated by simple subtraction of the amount of other atoms
from full amount (100 %). Big “experimental” amount compared to the the-
oretical values claims that the molecule was not decomposed to detectable
gases and some elements left in the solid rests.
Table 6.5: Results of elementary analysis of Pcs under study and their com-
parison with theoretical composition.
Material Number of
substituents
Element
Composition, %
Error, %
Theoretical Practical
ZnPcS 4
C 38.98 41.85 7.35
H 1.23 2.40 94.72
N 11.36 11.77 3.61
S 13.01 4.17 67.95
Zn 6.63 5.9 11.09
NiPcS 3
C 43.81 44.97 2.64
H 1.49 2.50 67.45
N 12.77 13.38 4.74
S 10.96 3.84 65.01
Ni 6.69 6.75 0.82
Continued on next page
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Table 6.5 continued from previous page
Material Number of
substituents
Element
Composition, %
Error, %
Theoretical Practical
CuPcS 4
C 39.05 33.31 14.7
H 1.23 2.04 65.45
N 11.38 9.67 15.07
S 13.03 0.00 —
Cu 6.46 5.68 12.07
H2PcSu 3
C 58.33 57.92 0.7
H 6.1 5.57 8.69
N 17.97 17.46 2.84
S 8.81 7.96 9.65
O 8.80 11.11 26.25
ZnPcSu 3
C 55.13 56.58 2.63
H 5.59 5.23 6.44
N 16.98 16.93 0.29
S 8.33 4.55 45.44
O 8.31 10.78 29.72
Zn 5.66 5.93 4.68
FePcSu 4
C 53.88 49.41 8.30
H 6.03 5.26 12.77
N 16.76 15.46 7.79
S 9.59 6.38 33.52
O 9.57 19.00 98.54
Fe 4.18 4.49 7.30
NiPcSu 4
C 54.75 51.77 5.45
H 6.03 5.15 14.68
N 15.70 16.01 1.94
S 9.58 8.77 8.46
O 9.56 13.68 43.10
Ni 4.39 4.62 5.24
CuPcSu 2
C 57.51 55.22 3.98
H 5.04 4.52 10.32
N 17.50 16.62 5.06
S 6.67 0.00 —
O 6.66 17.13 157.21
Cu 6.62 6.51 1.66
ZnPctBu 4
C 71.86 67.45 6.14
H 6.03 6.23 3.23
Continued on next page
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Table 6.5 continued from previous page
Material Number of
substituents
Element
Composition, %
Error, %
Theoretical Practical
N 13.97 13.75 1.61
Zn 8.15 6.59 19.20
CuPctBu 4
C 72.02 67.19 6.71
H 6.04 5.15 14.82
N 14.00 14.11 0.75
Cu 7.94 7.47 5.92
ZnPcAm 4
C 60.25 48.40 19.68
H 3.16 2.01 36.39
N 26.35 19.71 25.22
Zn 10.25 7.70 24.88
All sulfo-substituted Pcs are 3–4-substituted according to elementary
analysis. Amount of hydrogen atoms detected experimentally compared to
theoretical value is much bigger. This is due to the presence of water in Pcs
crystals. Sulfonamide-substituted Pcs seems to contain mainly three sub-
stituents per each ring, in addition of two and four substituents. Tert-butyl
substituted Pcs appear to be four-substituted, experimentally found amount
of elements correlates with experimental data. Amino-substituted Pcs has
not been fully decomposed (or contain significant amount of impurities).
Another possible way to determine the amount of substituents in
sulfonamide-substituted Pcs is to detect amount of hydrolysable chlorine in
the chlorsulfonate precursor of Pc. This determination was performed in
VUOS by Dr. Rakusˇan and Dr. Kara´skova´. It was found, that the amount
of chlorosulfonic groups per each Pc ring is between one and two, with max-
imum amount of substituents approaching to three (see Table 6.6).
One can conclude, that elementary analysis is not suitable method for
structure determination of the most Pcs. Phthalocyanines are not fully de-
composes, giving the concentration of certain atoms below real value.
6.1.3 Nuclear magnetic resonance
Spectra of 1H proton and 13C magnetic resonance were measured for every
studied Pcs in solution. Unfortunately, due to the formation of stack clusters
even in solution, the spectra do not contain readable signal which can be
used to prove the structure. This method is not suitable for substituted Pcs
analysis.
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6.2 Optical properties
Phthalocyanines thin film and solutions were also studied by UV-VIS ab-
sorption spectroscopy. The obtained spectra consist of two main absorption
bands: Soret band and Q-band, as it was many times reported in literature.
The maxima of these bands are found at around 350 and 600–700 nm, respec-
tively. The first band is related to d − pi∗ electronic transitions, the second
band to pi− pi∗ electronic transitions of phthalocyanine skeleton [73]. In this
section we will show the influence of the central metal atom and substituents
on the absorption properties of Pc. Energy gaps Eg were determined from
the low-energy onset of Q-band absorption in the (hν × α)2 vs. hν plot (α
is the absorption coefficient, h is the Planck constant and ν is the wavenum-
ber). Experimental results were confirmed by quantum chemical calculations,
method B3LYP, base 6-31G(*), using the program Gaussian 03.
6.2.1 Sulfo-substituted phthalocyanines sodium salts
Below, optical properties of all sulfonated Pcs are described. It was found,
that all Pc molecules are planar, except AlPcS2, where –OH group is directed
out of plane. Note, that central “metal group” in this case is AlOH. The
example of calculated structure is shown in Fig. 6.2a. The spectra of ZnPcS2,
as well as calculated oscillation strengths are shown in Fig. 6.2b. All sulfo-
substituted Pcs has similar spectral characteristic; their parameters are listed
in Table 6.7.
Comparison
Absorption spectra of sulfo-substituted Pcs dissolved in water and in the solid
phase are shown in Fig. 6.3. The spectrum of thin film is slightly shifted to
Table 6.6: Amount of hydrolysable chlorine found in chlorsulfonated precur-
sors of sulfonamide-substituted Pcs.
Material Amount of chlorine, % Amount of SOCl2 groups per molecule
H2PcSu 11.2 2.47
ZnPcSu 8.1 1.77
FePcSu 7.7 1.66
NiPcSu 11.0 2.74
CuPcSu 8.4 1.83
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(a) Structural formula.
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(b) Absorption spectra in solution, thin film and calculated.
Figure 6.2: Calculated electron structure and absorption spectra of ZnPcS2,
and their comparison with experimental ones
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Figure 6.3: Optical
absorption spectra
of sulfo-substituted
Pcs, measured in
solid phase (I) and in
water solution (II).
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Table 6.7: Characteristic parameters for different sulfo-substituted Pcs. Ab-
sorption maxima are given in nm.
Parameters ZnPcS1−2 CuPcS4 AlPcS2 NiPcS2−3
Solution
Solvent water water water water
Absorption maxima
291 291 292 287
333 335 349 331
630 631 608 618
663 675
Thin film
Absorption maxima
291 289 (sh) 293 291
343 335 359 335
650 (sh) 625 645 622
688 691
780 (sh)
Energy band gap Egp, eV 1.61 1.67 1.62 1.70
Calculated
291 296 307
310 317 310
322 320 322
331 330 331 328
340 336 338
345 357 349 359
371 365 373
589 580 604 584
607 594 620 601
HOMO level EHOMO, eV -4.94 -4.92 -5.04 -4.95
LUMO level ELUMO, eV -2.79 -2.75 -2.93 -2.74
Energy band gap Egt, eV 2.15 2.17 2.10 2.20
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(a) Structural formula.
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(b) Absorption spectra in solution (red), thin film (blue) and
calculated absorption lines (green).
Figure 6.4: Calculated electron structure and theoretical line spectrum of
ZnPcSu, and its comparison with experimental spectra.
the red region. Also, the bands of the solid state spectra are wider compared
to those in the solution spectra. This occurs due to the interactions among
Pc molecules with the formation of composites of different structures. The
band gaps of these Pcs vary between 1.60–1.70 eV and are slightly influenced
by the central metal atom.
Note the additional peak in thin film from AlPcS2, which appear at 750 –
800 nm. The peak is absent in the solution phase, suggesting that it occurs
due to some structural phenomena. The origin of the peak is analyzed in
Section 6.2.7.
6.2.2 Sulfonamide-substituted phthalocyanines
Here the optical properties of sulfonamide-substituted Pcs under study are
discussed. All Pc rings (also in the case of sulfo-substituted derivatives)
are planar. The substituents are directed out of plane, which could be the
source for the morphology changes. The typical material is ZnPcSu, which
structure is shown in Fig. 6.4a and the spectrum is in Fig. 6.4b. The
significant parameters of this material are listed in Table 6.8.
UV-VIS spectra of sulfonamide-substituted Pcs are shown in the Fig. 6.5.
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Table 6.8: Characteristic parameters for different sulfonamide-substituted
Pcs. Absorption maxima are given in nm.
Parameters ZnPcSu H2PcSu CuPcSu FePcSu NiPcSu
Solution
Solvent CHCl3 CHCl3 CHCl3 DMSO CHCl3
Absorption
maxima
278 276 (sh)
286 296 294 294
347 343 343 328 340
448 (sh)
607 612 607 605 (sh) 609 (sh)
630 (sh) 635 (sh) 630 (sh)
670 (sh) 669 674 661 668
676 689
Thin film
Absorption
maxima
339 334 341 330 338
366 (sh)
457
628 626 625 616 619
681 680 (sh) 680 682 671
Energy band
gap Egp, eV
1.72 1.68 1.69 1.75 1.74
Calculated
281 277
288 292
307 304 318 304
328 323 330 323
339 336 334 332
354 352 353 364 346
377 412 369 364
392
404
438
585 584 582 527 576
614 622 613 585 609
HOMO level
EHOMO, eV
-5.31 -5.36 -5.31 -5.32 -5.34
LUMO level
ELUMO, eV
-3.20 -3.25 -3.19 -3.73 -3.17
Energy band
gap Egt, eV
2.12 2.11 2.12 1.59 2.17
6.2. OPTICAL PROPERTIES 71
0
2
4
6
8
10
12
(1
06
 m
-1
)
Ab
so
rp
tio
n 
co
ef
fic
ie
nt
, 
(1
06
 m
2 /m
ol
)
 a) - ZnPcSu
 b) - H2PcSu
 c) - CuPcSu
 d) - FePcSu
 e) - NiPcSu
 
(I)
(II)
300 400 500 600 700 800 900
0.0
0.2
0.4
0.6
0.8
1.0
1.2
Wavelength,  (nm)
 
 
Figure 6.5: Optical
absorption spectra
of sulfonamide-
substituted Pcs
thin films (I) and
solutions (II).
Upper graph shows the spectra of Pcs thin films, the lower graph depicts the
spectra of Pc solutions. The solvent was chloroform for all cases except
of FePcSu: it is not dissolved in chloroform, so, DMSO was used instead.
The spectra looks similar to those of sulfo-substituted Pcs. The band gaps
were found to be 1.69–1.75 eV and did not differ too much from the sulfo-
substituted Pc derivatives.
Strange behavior was found for FePcSu. Apart from poor solubility in
chloroform, the spectrum show additional peak at 456 nm, both in DMSO
solution and in the thin film. This peak is not characteristic for Pcs. It is
assigned to the electron excitation from the energy levels below HOMO to
LUMO. There were no special studies performed to explain this effect.
6.2.3 Tetra-tert-butyl-substituted Pc
In this section, optical properties of tetra-tert-butyl substituted zinc Pc are
discussed. The optimized structure of this molecule is shown in Fig. 6.6a.
Molecule is planar, bulky tert-butyl substituents are situated on the phenyl
rings. The optical absorption spectra in solution and thin films, as well as the
calculated oscillator strengths are shown in Fig. 6.6b. Important parameters
of this material are listed in Table 6.9.
6.2.4 Amino-substituted Pc
Here, optical properties of amino-substituted zinc Pc are discussed. The
optimized structure of this molecule is shown in Fig. 6.7a. Molecule is
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(a) Structural formula.
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(b) Absorption spectra in solution (red), thin film (blue) and
calculated absorption lines (green).
Figure 6.6: Calculated electron structure and absorption lines of ZnPctBu,
and its comparison with experimental spectra.
Table 6.9: Characteristic parameters for ZnPctBu. Absorption maxima are
given in nm.
Parameters Solution Thin film Calculated
Absorption maxima
270
288 281 287
346 339
320
334
351
377
612
648 626 599
677 683 603
Solvent CHCl3 — —
Energy band gap Eg, eV — 1.75 2.16
HOMO level EHOMO, eV — — -4.77
LUMO level ELUMO, eV — — -2.61
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(a) Structural formula.
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(b) Absorption spectra in solution (red), thin film (blue) and
calculated absorption lines (green).
Figure 6.7: Calculated electron structure and theoretical line spectrum of
ZnPcAm, and its comparison with experimental spectra.
planar, substituents are not bulky, so they should not cause steric resistance
when forming ordered structures. The optical absorption spectra in solution
and in thin films, as well as the calculated oscillator strengths are shown in
Fig. 6.7b. Important parameters of this material are listed in Table 6.10.
6.2.5 Nitro-substituted Pc
Here, optical properties of nitro-substituted zinc Pc are discussed. The op-
timized structure of this molecule is shown in Fig. 6.8a. Molecule is planar,
as in the case of ZnPcAm, substituents are not bulky, so they should not
cause steric resistances when forming stack structures. The optical absorp-
tion spectra in solution and thin films, as well as the calculated oscillator
strengths are shown in Fig. 6.8b. Important parameters of this material are
listed in Table 6.11.
6.2.6 Zinc phthalocyanines substituents comparison
Comparison of zinc Pcs with different substituents show that both the form
and the position of peaks depend on the type of the substituents (Fig. 6.9).
The activation energy of the transition of electron from the ground to the
74 CHAPTER 6. RESULTS AND DISCUSSIONS
Table 6.10: Characteristic parameters for ZnPcAm. Absorption maxima are
given in nm.
Parameters Solution Thin film Calculated
Absorption maxima
260
288 295 286
352
375
314
322
330
404
490 (sh) 453
647 670 (sh) 626
684 750
Solvent DMSO — —
Energy band gap Eg, eV — 1.36 2.08
HOMO level EHOMO, eV — — -4.34
LUMO level ELUMO, eV — — -2.26
(a) Structural formula.
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(b) Absorption spectra in solution (red), thin film (blue) and
calculated absorption line (green).
Figure 6.8: Calculated electron structure and theoretical line spectrum of
ZnPcNitro, and its comparison with experimental spectra.
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Table 6.11: Characteristic parameters for ZnPcNitro. Absorption maxima
are given in nm.
Parameters Solution Thin film Calculated
Absorption maxima
284 286
350
354
334
363
404
653 660 (sh) 615
695 (sh)
Solvent DMSO — —
Energy band gap Eg, eV — 1.45 2.13
HOMO level EHOMO, eV — — -6.09
LUMO level ELUMO, eV — — -3.96
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Figure 6.9: Optical
absorption spec-
tra of differently
substituted ZnPcs
thin films (I) and
solutions (II).
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Figure 6.10: Optical absorption spec-
tra of AlPcS: as-deposited (a), 2 h
evacuation at 80 ◦C (b), 2 h evacua-
tion at 140 ◦C (c), 3 h evacuation at
140 ◦C (d).
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first excited state for differently substituted Pcs also changes with the sub-
stituent type. This, however, does not correlate with electron affinities of the
substituents, and thus, depends on other factors. Relatively low activation
energies of amino- and nitro-substituted Pcs, as well as broader absorption
bands, could be explained by dimerization, which occurs both in solution
and in thin films. Calculated activation energy does not correlate with the
experimental values and slightly depend on the electron affinities of the sub-
stituents.
6.2.7 Aluminium phthalocyanine morphology
As it is seen from Fig. 6.3, the spectrum of the thin film of AlPcS2 contain
an additional peak at the wavelength interval 750–800 nm. This peak does
not appear in the solution spectra (water or ethanol). Calculated spectrum
does not predict the existence of this peak as well. The origin of this peak
is related to a special morphology or intermolecular interactions, which do
not take place in the solution. It was found, that after annealing (over
5 hours at the temperature 140 ◦C), this peak disappears, and the Q-band
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Figure 6.11: The X-ray diffractogram
of a hydroxyaluminium phthalo-
cyaninsulfonic acid sodium salt after
5 hours heating at 140 ◦C.
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Figure 6.12: Optical
absorption spectra
of some sulfonamide-
substituted Pcs
without (dash line)
and with (solid line)
an acceptor in thin
film. Blue line —
ZnPcSu; red line —
metal-free Pc.
intensity increases (see Fig. 6.10). The reason one can see is the change of the
morphology of phthalocyanine films: from an amorphous to a highly ordered
stacking structure. The X-ray diffraction shows a strong peak characteristic
for the crystalline structure (Fig. 6.11).
6.2.8 Charge transfer complex with phthalocyanines
It was already mentioned, Pcs form charge transfer complexes with acceptors.
A phthalocyanine molecule excited to the singlet state in the presence of an
acceptor forms a non-relaxed exciplex. After the electron transfer, an ion
pair is formed. It can dissociate into free charge carriers under the influence
of an external electric field, thus, improving the photoconductivity [74].
The charge transfer complex can be detected by optical spectroscopy.
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Figure 6.13: Model of
the sample interdigital
electrodes.
The spectrum of a thin film of Zn sulphonamide phthalocyanine doped with
tetracyano-1,4-quinodimethane shows two new bands at 450–500 nm, and
weak band near 900 nm. It is important for photoelectronic applications: as
shown above, the presence of a charge transfer complex should improve the
dark conductivity and photoconductivity.
6.3 Electrical properties
6.3.1 Sulfo-substituted phthalocyanines
All sulfo-substituted phthalocyanines under study appear to have similar
electrical properties. NiPcS was chosen as a model material for detail study
of electrical properties of this class of materials.
Electrical properties of sulfo-substituted phthalocyanines were already
studied in details by G. Wang [56]. These materials have relatively low
electrical conductivity, which is improved in the presence of water vapors (see
Section 6.4.2). When a thin film is placed between Au and Al electrodes,
the structure shows diode behavior. No photoconductivity was observed in
these materials.
Equivalent electrical circuit of MePcS, deposited onto interdigital elec-
trode system, is shown in Fig. 6.13. The impedance of the circuit can be
expressed as following:
Z˜ =
Z˜R1Z˜C1
Z˜R1 + Z˜C1
+ Z˜R2 + Z˜C2 (6.1)
where Z˜R1, Z˜C1 is the impedance of parallel resistor and capacitor, Z˜R2 and
Z˜C2 — impedance of serial resistor and capacitor, respectively. It is known,
that impedance consists of the real and imaginary part:
Z˜ = R + jX (6.2)
Taking into account, that the imaginary part of the resistor and the real part
of the capacitor are equal zero, one can write equation 6.1 in the form:
Z˜ =
jR1X1
R1 + jX1
+R2 + jX2 =
=
R1X
2
1
R21 +X
2
1
+R2 + j
(
R21X1
R21 +X
2
1
+X2
)
(6.3)
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where R1, R2 are resistivity of the parallel and serial resistors, respectively.
X1, X2 are reactances and they are defined as:
X1,2 = − 1
ωC1,2
= − 1
2pifC1,2
(6.4)
where ω is the angular frequency, which is proportional to the current fre-
quency: ω = 2pif , C1,2 is the capacitance and f is the AC current frequency.
The equation 6.3 become similar to 6.2, thus, the real and imaginary
parts of the whole system can be written:
R =
R1X
2
1
R21 +X
2
1
+R2 (6.5)
X =
R21X1
R21 +X
2
1
+X2 (6.6)
Absolute values of impedance and phase angle are defined in the following
way:
|Z| =
√
R2 +X2 (6.7)
θ = arctan
(
X
R
)
(6.8)
Thus, taking into account equations 6.5 and 6.6, one can write:
|Z| =
√(
R1X21
R21 +X
2
1
+R2
)2
+
(
R21X1
R21 +X
2
1
+X2
)2
(6.9)
θ = arctan
(
R21X1 +X2 (X
2
1 +R
2
1)
R1X21 +R2 (X
2
1 +R
2
1)
)
(6.10)
These equations were used for the electrical properties simulations.
Parameter R1 is a parallel resistance between interdigital electrodes. It is
composed from the resistance of Pc layer and shunt resistance of the ceramic
substrate. Ceramic resistance in general is much higher than the resistance of
the material under study, so, a dominant influence on the parallel resistance
R1 is given by Pc resistivity. This parameter has large influence on the
behavior of thin film as one can see in Fig 6.14.
Parameter C1 represents a parallel capacity among interdigital electrodes.
However, the absolute value of reactance has about one order of magnitude
higher value than R1 for lower frequencies. That is why C1 do not affects
the impedance of the sample at low frequencies (Fig. 6.15). Influence of
capacitor increases with increasing frequency of AC current.
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Figure 6.14: Simulated frequency dependencies of impedance and phase angle
with different values of parallel resistance R1.
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Figure 6.15: Simulated frequency dependencies of impedance and phase angle
with different values of parallel capacitance C1.
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Figure 6.16: Simulated frequency dependencies of impedance and phase angle
with different values of serial capacitance C2.
Serial capacity C2 represents the capacitance of the barrier between elec-
trodes and Pc layer. It has main influence at lower frequencies (Fig. 6.16).
Parameter R2 represents the resistivity of that barrier.
The combination of serial and parallel components of the structure well
represents observable dependencies. This model was used to explain the
influence of humidity on the electrical properties of samples (see Section
6.4.2).
6.3.2 Sulfonamide-substituted phthalocyanines
Zinc and metal-free Pcs were chosen as model materials for the study of
electrical properties of sulfonamide-substituted Pcs.
The basic characteristics include studies of Pcs on the samples with inter-
digital electrode geometry. Dark current-voltage characteristics were ohmic
for both studied Pcs. Dark current of ZnPcSu sample was 4 orders of mag-
nitude lower than that of H2PcSu sample. The activation energy of the dark
current measured in the temperature interval 15-80 ◦C was 0.77 eV for both
phthalocyanines under studies. These values are close to the half of the en-
ergy gaps determined by other methods (see above), which suggests that
there is practically no dopant influences.
Under illumination by monochromatic light at the maximum of photocur-
rent in the region of Q-band (λ = 596 nm for H2PcSu and 598 nm for Zn-
PcSu), a strong current increase was observed; three orders of magnitude for
ZnPcSu (Fig. 6.17a) and 1.5 order of magnitude for H2PcSu (Fig. 6.17b)
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Figure 6.17: Comparison of photoresponse and absorption spectra of different
sulfonamide-substituted Pcs.
(photon flux φ = 0.76 W m−2). The spectrum of the photoelectrical response
roughly followed the absorption spectrum (see Figs. 6.17a and 6.17b). The
shift of the photoresponse maximum to blue region in the comparison with
the absorption spectrum could be caused by long-time kinetics (the spectra
were measured from the red to blue region), or by filler effect.
The photocurrent kinetics showed the stable behavior in the dark and
under illumination (see Figs. 6.18a and 6.18b). Immediately after the sample
illumination a slow current increase was observed. However, the steady state
conditions were not reached even after 30 min. After the switch-off light,
the current returned to the dark value during about 30 min for ZnPcSu and
during few hours for H2PcSu.
This behavior seems to be unusual because the electrical conductivity of
H2PcSu is four orders of magnitude higher than that of ZnPcSu. One reason
for this behavior could be the formation of deep traps. This is supported
by the shape of current I vs. light intensity φ dependence which is of the
type I = φn, where n = 0.8. It suggests the influence of traps on charge
carrier transport. However, the shapes of long time kinetics do not support
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Figure 6.18: Photocurrent kinetics of different sulfonamide-substituted Pcs.
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Figure 6.19: Current-
voltage characteristic
of the sandwich sam-
ple in the dark (a)
and under irradiation
by light with wave-
length 675 nm and
light flux φ = 1.77 W
m−2 (b). Active ma-
terial — ZnPcSu.
the space-charge formation behavior, i.e., the current decrease at the long
times. This behavior, which is not important from the point of view the
sensing properties, needs some additional studies.
The diode and “photovoltaic” characteristics were studied on sandwich
samples of the structure ”Glass/ITO/PEDOT/ZnPcSu/Al” with ZnPcSu ac-
tive layer. The samples showed a very weak diode behavior, the values of
forward and reverse currents were almost the same, as it is shown in Fig.
6.19. The shift of the minimum at the dark characteristics with illumination
is caused by the formation of open circuit voltage Voc. As it follows from Fig.
6.20, the short circuit current was Isc = 1.4× 10−9 A, the open circuit volt-
age Uoc = 0.635 V. The fill factor was FF = 0.01, power quantum efficiency
η = 0.00006 %.
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Figure 6.20: Current-
voltage characteristic
of the sandwich sam-
ple in the dark (a)
and under irradiation
by light with wave-
length 675 nm and
light flux φ = 1.8 W
m−2 (b). Active ma-
terial — ZnPcSu.
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6.4 Gas sensors
6.4.1 Nitrogen dioxide
Optical detection
We have found minor changes in the absorption spectrum of ZnPcSu dur-
ing NO2 exposure. The changes are presented in Fig. 6.21 in the form of
the differential transmittance spectrum. The positive values in the graph
mean the transmittance increase, negative values mean the decrease upon
the NO2 exposure. The main changes are: the decrease of absorption in the
Q-band region and the absorption increase of absorption around 500 nm.
This increase of the absorption can be associated with an exciplex band.
Some changes were also observed in the regions around 233, 307 and 380 nm,
which is consistent with observation of other authors [32,34,62].
In order to investigate the reversibility of the changes described above,
the cuvette previously filled with NO2 mixture was purged with clean carrier
gas (nitrogen) for 1 hour. During this time, the absorption spectra were
measured with 10 min intervals (Fig. 6.22). It was found that the band in
the region 400-600 nm almost disappeared after 1 h of purging (reversibility
92 %). The value of the Q-band differential transmittance also decreased,
but the reversibility at 637 nm was only 85 %.
There was no change in the absorption spectra of H2PcSu under the NO2
exposure.
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Figure 6.21: Differ-
ential transmittance
spectra of ZnPcSu
thin film in the pres-
ence of NO2; con-
centrations 0.12 2.50
ppm.
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Figure 6.23: Kinetics
of the current of Zn-
PcSu thin film during
NO2 exposure of dif-
ferent concentrations.
Line (a) -- photoin-
duced current, line
(b) – dark current.
The dashed green line
(c) show the scenario
of the NO2 exposure
and concentration.
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Electrical and photoconductive detection
Electrical sensitivity of ZnPcSu to NO2 exposure is shown in Fig. 6.23. Elec-
trical response could be detected even for the concentrations of hundreds ppb
at room temperature, apart from the literature data. At the concentration
2.5 ppm, the dark current increase was already two orders of magnitude. The
response consisted of the fast and slow kinetics. The signal did not reach the
saturation value even after 40 min. However, the duration of the fast re-
sponse was about 5 min. The characteristic time of the slow reverse process
was much longer. It explains the gradual increase of the current at the end
of clean carrier gas exposure following each step of NO2 exposure (shift of
baseline). Under the NO2 exposure, the current under illumination response
shows similar behavior as the dark current under the NO2 exposure. How-
ever, the “photocurrent” sensitivity was significantly lower (see Fig. 6.23,
curve (a)).
Qualitatively different behavior was found for H2PcSu, which was inves-
tigated under the same conditions as ZnPcSu. Kinetics curves are shown in
Fig. 6.24. The basic differences were:
1. Both dark and photocurrent response under the NO2 exposure was
opposite – current decreased;
2. The dark current change was much smaller;
3. The dark current responses were smaller at higher NO2 concentrations.
On the contrary – with the sample under illumination, the photocurrent
response during the NO2 exposure was fast, the slow component was missing,
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(a) Figure 6.24: Kinet-
ics of the current
of H2PcSu thin film
during NO2 exposure
of different concen-
trations. Line (a)
– photoinduced cur-
rent, line (b) – dark
current. The dashed
green line (c) show
the scenario of the
NO2 exposure and
concentration.
and response was fully reversible. Photocurrent stabilization was achieved in
about 15 min under the exposure to NO2, the reverse process was completed
during about 15-20 min.
The comparison of the above described sensitivities to NO2 for ZnPcSu
and H2PcSu is shown in Fig. 6.25. The sensitivity curve of H2PcSu in
the dark show an instability of the response at higher NO2 concentrations.
The response of H2PcSu under illumination is quite stable and seems to be
useful for practical applications. The relative response S can be described
by Equation 3.1.
Theoretical investigations
In order to understand the processes which occur during NO2 exposure of
Pc thin films, the models of possible interaction mechanisms between these
materials were created. The modelling was performed using method B3LYP
base 6-31G(*), with program Gaussian 03.
ZnPcSu. There are two possibilities of the interactions of ZnPcSu with
NO2. Both models include the formation of complex with NO2. First model
describes the formation of the coordination bond between zinc of Pc molecule
and oxygen atom of NO2, this complex will be called “Zn-O” complex. The
second one is based on the bonding of nitrogen atom of the gas with central
zinc atom, called “Zn-N” complex. Calculated structures of resulted com-
plexes are shown in Fig. 6.26. For the comparison, ZnPcSu structure without
NO2 is shown on Fig. 6.4a.
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Figure 6.25: Electri-
cal sensitivity of Zn-
PcSu and H2PcSu to
NO2 in the dark and
under illumination.
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Figure 6.26: Calculated structure of complexes formed between ZnPcSu and
NO2.
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In the case of “Zn−O” complex, the distance a between Zn atom and
NO2 is 1.97 A˚, while in the case of “Zn−N” complex, this distance is equal
to 2.08 A˚. For both complexes, the planarity of the Pc ring is deformed as Zn
atom shifts out the plane towards NO2 molecule. Electron density on HOMO
orbitals is concentrated on NO2 in both cases, while electrons on LUMO are
delocalized on Pc and the gas molecules, forming thus pi-electron conjugated
system (see Table 6.12).
In practice, several Pc rings from the molecular stack could be complexed
with NO2 and the formation of conjugated system trough all stack is than
possible, which leads to conductivity increase.
For both complexes, charge transfer from Pc molecule to NO2 was found,
thus, we are dealing with charge transfer complex, where ZnPcSu plays role
of a donor of electrons, and the analyte gas is an acceptor.
Calculated theoretical spectral lines of both complexes and pure ZnPcSu,
as well as differential spectrum of ZnPcSu exposed to NO2 and the spectrum
of pure ZnPcSu thin film are shown in Fig. 6.27. The maxima of oscillation
strength compared with experimental spectra are listed in Table 6.13.
The spectra confirm the hypothesis about the formation of charge transfer
complex, as there is an increase of the absorption in the region of 450–
550 nm. Experimental spectra better agrees with the spectrum of “Zn−O”
complex, which is proposed as a main product of ZnPcSu interaction with
NO2. However, as the change of experimental spectrum under NO2 exposure
is very weak, and because of the big error of the theoretical calculations, one
can not take this hypothesis as a fact.
H2PcSu . The interaction between H2PcSu and NO2 shows different be-
havior. There is no strong interaction between Pc and analyte gas, as in the
case of ZnPcSu. Two possible models were studied, one considers NO2 is ab-
sorbed on the center of Pc ring, the other states that analyte gas is situated
on the edge of the molecule. Theoretically optimized schemes of the resulted
complexes are shown in Fig. 6.28.
The first structure is held together by weak Van-der-Vaals and London
forces. The distance between Pc and gas is 3.13 A˚. In the second structure
one can conclude the formation of hydrogen bond between hydrogen atom
from –SO2–NH– sulfonamide group and oxygen from NO2 molecule. The
length of this bond is 2.29 A˚. Molecule geometry is not affected by these
interactions. In the center-ring complex, electrons on HOMO are situated
on Pc ring, while LUMO electrons are localized on NO2 molecule (see Fig.
6.29). This leads to the situation, that under irradiation, NO2 can separate
excitons with releasing free holes. This, however, was not observed.
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Table 6.12: HOMO and LUMO orbitals of the ZnPcSu−NO2 complex.
Complex type HOMO LUMO
Zn−O
Zn−N
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Figure 6.27: Absorption spectrum of ZnPcSu thin film (I) and differential
transmittance spectrum of ZnPcSu exposed to NO2 (II), compared with os-
cillator strengths spectrum of pure ZnPcSu (III), “Zn−O” complex (IV) and
“Zn−N” complex (V).
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Table 6.13: Calculated spectral lines compared with absorption spectra max-
ima of pure ZnPcSu and complexes of ZnPcSu with NO2.
Experimental Calculated absorption lines
ZnPcSu
thin film
absorbtion
spectrum
ZnPcSu
+ NO2
differential
trans-
mittance
spectrum
ZnPcSu
pure
“Zn−O”
complex
“Zn−N”
complex
339 310 ↑, 380 ↓
278
287
306
317
323
328
336
355
376
427 384
441 399
414
456 ↑ 451 468
524 ↑ 528 478
542 ↑ 552 490
579 520
541
564
630 637 ↓ 584 605 600
680 735 ↓ 614 643 671
659 686
674 707
694
705
> 850 ↑ 856 828
874
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(a) NO2 is on the center of Pc ring. (b) NO2 is on the side group of Pc.
Figure 6.28: Calculated structure of complexes formed between H2PcSu and
NO2.
(a) HOMO orbital. (b) LUMO orbital.
Figure 6.29: Position of orbitals of center-ring H2PcSu−NO2 complex.
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Hydrogen-bonded NO2 to the side group of H2PcSu can not significantly
influence the conjugated electron system of the ring. On both of these com-
plexes the electron density distributions on Pc rings are not significantly
influenced.
As it was already mentioned, absorbtion spectrum of H2PcSu exposed
to NO2 does not change. The calculated spectra of oscillation strengths are
almost identical with that one of pure H2PcSu.
It is assumed that during NO2 adsorption, the distance between two
H2PcSu rings increases, and NO2 atoms intercalate between them. Increase
of intermolecular distance cause decrease of the probability of charge carriers
hopping between Pc molecules, thus, the conductivity of the sample decrease.
Such behavior is seen in Fig. 6.24.
To confirm this conclusion, one can compare conductivities of the sample
without and under NO2 exposure. Total rate of conductivity change than
could be written as follows:
X ′ =
σ
σNO2
(6.11)
where σ is the conductivity of thin film without NO2, and σ
NO2 is its con-
ductivity under the exposure to NO2.
H2PcSu thin film is not homogeneous from the structural point of view.
It consists of short stacks of Pc rings in the amorphous phase of Pc molecules
(see Fig. 6.30a). As it is seen from the figure, there are two mechanisms of
charge carriers transport. One is limited by hopping between single molecules
of Pc within a stack. The other is limited by the interstack hopping. It
is obvious, that the mobility of carriers, and thus, conductivity in these
two mechanisms are different. The structure depicted in Fig. 6.30a can be
modelled by two resistors, connected in series, according to electrical scheme
in Fig. 6.31. After the exposure to NO2, the charge transport and thin film
structure change (see Fig. 6.30b).
These figures clearly show, that only conductivity of stacks is affected by
NO2. Interstack distance is too big to be dependent on absorbed gas. As
a result, total conductivity of the system can be represented by following
equations:
1
σ
=
1
σ1
+
1
σ2
(6.12)
1
σNO2
=
1
σNO21
+
1
σ2
(6.13)
where σ1 and σ2 is the conductivity in the stack and in the interstack space,
respectively; value σNO21 is the conductivity of Pc stacks influenced by NO2.
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(a) Pure air. (b) Mixture of air with NO2.
Figure 6.30: Expected structure of H2PcSu sensing layer with applied exter-
nal electric field.
Figure 6.31: Elec-
tric scheme of Pc
sensing layer with
amorphously with
unordered stacks.
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After arithmetical manipulations of equations 6.12 and 6.13 one can get:
σ =
σ1σ2
σ2 + σ1
(6.14)
σNO2 =
σNO21 σ2
σ2 + σ
NO2
1
(6.15)
It is known, that for organic molecules, the following relation is valid:
σ1 = bσ2 (6.16)
where b is the coefficient of proportionality, and its value for Pcs could be
taken as:
b = 1000 (6.17)
NO2 decreases conductivity of the stacks according to the formula:
σNO21 =
b
x
σ2 (6.18)
where x is the ratio of conductivities in the single stack before and under
NO2 exposure.
Taking into account equations 6.16 and 6.18, formulas 6.14 and 6.15 can
be written in the following way:
σ =
bσ2
1 + b
(6.19)
σNO2 =
bσ2
x+ b
(6.20)
Then, the ratio of the overall thin film conductivities is the following:
X ′ =
σ
σNO2
=
x+ b
1 + b
(6.21)
In the equation 6.21, one unknown parameter stays for the ratio of single
stack conductivity change x. It is defines as
x =
σ1
σNO21
(6.22)
As it is known, the conductivity is defined by the following expression:
σ = enµ (6.23)
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where e is the unit charge, n is the concentration of charge carriers and µ is
their mobility. In our case, n stays constant, and conductivity is dependent
only on the mobility of charge carriers. The equation 6.22 is then transformed
into:
x =
µ1
µNO21
(6.24)
where µ1 and µ
NO2
1 is the mobility of charge carriers before and during ex-
posure to NO2, respectively. These mobilities are proportional to the rate
constant kET of the electron transfer between molecular orbitals:
x =
kET
kNO2ET
(6.25)
The rate constant [75,76] is expressed as
kET =
2pi
h¯
J2
1√
4piλakT
exp
(
−∆G
∗
kT
)
(6.26)
where ∆G∗ is the free energy of the activation, λa is the nuclear reorganiza-
tion term, h¯ is the Planck constant, k is the Boltzmann constant, J is the
electronic coupling matrix element, the measure of charge transport proba-
bility (electron transfer integral) and T is the temperature.
Inserting equation 6.26 into 6.25 and taking into account that the only
parameter, which is not constant during the experiment, is J , one can get:
x =
(
J1
JNO21
)2
(6.27)
where J1 and J
NO2
1 is electron transfer integral (ETI) of Pc without and
under NO2 exposure, respectively.
To solve this equation, one need to know the dependence of J on the
distance between molecules. Such dependence for benzene molecules was
determined by [77], and it is shown in Fig. 6.32. The dependence was fitted
for smaller distances with the law:
J = Aexp
(
−
(
z − z0
τ
)α)
− s (6.28)
where z is the distance between two benzene rings, A, z0, τ , α and s are
constants; their values are listed in Table 6.14.
As an approximation, it is possible to assume, that the same law of elec-
tron transfer integral dependence on intermolecular distance, is valid for Pcs
due to the similar nature of their pi-conjugated electron systems. Thus, it is
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Figure 6.32: Dependence of the elec-
tron transfer integral on the in-
terplanar distance between benzene
molecules.
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Table 6.14: Values of the constants in the dependence of J on the distance
between benzene molecules.
Constant Value
A 2.73
z0 3.38× 10−5 A˚
τ 2.8
α 2.49037
s 2.45× 10−6
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possible to insert equation 6.28 into equation 6.27. Neglecting the coefficients
z0 and s, one can obtain:
x = exp
[
2×
(
zNO21
)α − zα1
τα
]
(6.29)
where z1 and z
NO2
1 are the intermolecular distance of Pc without and with
NO2, respectively. It is known from literature [78], that intermolecular dis-
tance of non-substituted metal-free Pc is 3.4 A˚and does not significantly
change with addition of alkyl substituents. The optimal distance between
H2PcSu and NO2 molecules is 3 A˚, so if one assume that NO2 maximally
spreads Pc rings, the distance between rings appears to be about 6 A˚under
the influence of this gas (See also Fig. 6.30b).
Inserting these values into the equation 6.29, as well as the values of
the coefficients from Table 6.14, one can calculate the ratio of conductivity
change under the influence of NO2 within one stack as:
x = exp
(
2× 6
2.490 − 3.42.490
2.82.490
)
= 24336 (6.30)
i.e., the conductivity of one stack should decrease more than 4 orders of
magnitude during NO2 influence. This value, as well as the value from equa-
tion 6.17 could be inserted to the equation 6.21 in order to calculate overall
conductivity change:
X ′ =
24336 + 1000
1 + 1000
= 25.3 (6.31)
This value means, that the maximum decrease of the conductivity under NO2
exposure could be up to one order of magnitude, under the assumption, that
all stacks are influenced by NO2 molecules. In practice, NO2 is not present
in each stack, which decreases practical change of the conductivity. Also,
if practical change of intermolecular distance is smaller, than that which
was assumed, the conductivity change will be even smaller. Taking this fact
into account, one can conclude the proposed model correlates in the first
approximation with the experimental data.
Tetra-tert-butyl-substituted phthalocyanines. CuPctBu phthalocya-
nine show slightly different behavior. This material is sensitive to NO2 at
room temperature, the current change is almost irreversible. However, when
heated to 100 ◦C, the reversibility significantly improves (Fig. 6.33), but
it still takes more that two hours to reach initial conductivity value. The
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Figure 6.33: Elec-
trical sensitivity of
CuPctBu to NO2.
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Figure 6.34: Electrical sensi-
tivity of CuPctBu to NO2 —
reproducibility check.
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character of the response is similar as for sulfonamide-substituted zinc Pc,
which leads to the hypothesis that the mechanism of sensitivity is similar for
these Pcs.
As it is seen from Fig. 6.33, the response saturates on the level 1 ppm of
NO2. Sensor made from this material can efficiently work at the concentra-
tions between 10 ppb – 1 ppm, i.e., such sensor is suitable for environmental
monitoring. The response is reproducible within several tested samples, as
it is seen in Fig. 6.34.
6.4.2 Humidity sensors
In this section, the influence of atmospheric water vapors on the electrical and
optical properties of some substituted Pcs and PEDOT is mentioned. The
detection of water is very important task for all sensoric applications, as water
vapor is always present in Earth atmosphere and influences the responses of
the sensors for other gases. From the other side, some applications require
materials not sensitive to water vapor. It is important to look for both types
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Figure 6.35: Kinetic representing the
change of basic electrical properties
under the influence of air with high hu-
midity level.
of materials.
Sulfo-substituted phthalocyanines
Sulfo-substituted Pcs show very good sensitivity to water. Here, the attention
was made for humidity sensitivity of AlPcS and NiPcS thin films.
Hydroxyaluminium phthalocyanine sulfuric acid sodium salt.
Changes of electrical parameters of thin film of AlPcS are shown in Fig.
6.35. Thin film of AlPcS, deposited on interdigital electrode system, was
periodically exposed to air with relative humidity level 5 % RH and to wet
air with RH = 92%. Sample show an increase of conductivity up to four
orders of magnitude. Capacitance of the sample also significantly increase.
The dependence of impedance on the humidity level, which is shown in
Fig. 6.36a, has exponential character. The phase angle dependence shows
more complicated character (see Fig. 6.36b). These dependencies were mea-
sured at temperature 30 ◦C.
Temperature dependencies measured under different humidity levels show
that the activation energy depend on the humidity level (see Fig. 6.37).
The dependence at lower humidity level is superexponential, while at high
humidity level it is exponential. The absolute response value increases at
higher temperatures.
Humidity sensors based on AlPcS are not long-term stable. Under the
influence of wet air, the sensing film partially dissolves and material migrates.
This effect is so big that the sensing layer changes are visible by eye (see Fig.
6.38).
Nickel phthalocyanine sulfuric acid sodium salt. NiPcS has simi-
lar behavior, including the sensitivity to water, as AlPcS. However, the
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Figure 6.36: Dependencies of electrical properties of AlPcS on humidity level.
Red curve was measured with AC voltage frequency f = 100 Hz, blue one –
with f = 100 kHz.
Figure 6.37: Temperature dependence
of impedance under different humidity
levels.
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(a) Before measurement. (b) After measurement.
Figure 6.38: Photo of the sample with AlPcS thin film: before and after the
exposure to wet air.
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Figure 6.39: NiPcS humidity sensitiv-
ity. Temperature 30 ◦C, AC current
frequency f = 1 kHz.
impedance change under the influence of water is lower (see Fig. 6.39).
The stability of the film is much higher compared to AlPcS. Sensing layer
does not irreversibly change its properties even after 40 hours of dry-wet
air cycles. High stability combined with high sensitivity to water make this
material suitable for humidity sensor applications. Such sensor was created
and used in the combination with the sensor for NO2 and ethanol in order
to compensate the influence of atmospheric humidity (see section 6.4.4).
The model which describes the electrical behavior of thin film deposited
on the interdigital electrode system, is explained in Section 6.3.1. The com-
bination of serial and parallel resistance and capacitance well represents the
change of impedance and phase under the exposure to wet air. Pure sulfo-
substituted Pcs has low conductivity. Impedance has mainly real part under
the lower frequencies of current (see Fig. 6.40). When exposed to wet air,
water molecules absorb in the bulk of the Pc layer, causing the dissociation
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Figure 6.40: NiPcS frequency depen-
dence of impedance and phase an-
gle. (a) and (b) are the dependencies
of impedance and phase, respectively,
under exposure to dry air (RH = 30%,
T = 30◦C). (c) and (d) are the same
dependencies, measured under expo-
sure to wet air (RH = 70%, T =
30◦C).
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Figure 6.41: Calculated structure of NiPcS dimer.
of sodium salts of sulfo-substituted Pcs. The conductivity of sensing layer
dramatically increases. Thus, impedance has two orders of magnitude lower
value and is influenced mainly by serial parasitic capacitor, which represents
a barrier between Pc layer and Au electrodes.
In order to explain the influence of –SO3Na group dissociation on the con-
ductivity increase, calculations were performed on the model dimeric system
of [NiPc(SO3Na)2]2, shown in Fig. 6.41.
In order to simulate dissociation, Na+ ions were stepwise removed from
the dimer of NiPcS. It was shown, that stability of dimer increase after remov-
ing one Na+ ion, and then decrease with removing next sodium ions. From
Table 6.15, one can see that the dimer without one Na+ ion is the most stable
and the best organized. The density of states plots of neutral dimer compared
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Table 6.15: The calculated stabilization energies ∆E, kcal mol−1; electron
transfer integrals — ET coupling, meV; and the band gap between HOMO
and LUMO of various types of Pc dimers.
Dimer
∆E ∆E error ET coupling Band gap
kcal mol−1 meV eV
[NiPc(SO3Na)2]2 27.6 11.3 88.6 2.41
[NiPc(SO3Na)2
NiPc(SO3Na)(SO
−
3 )]
31.2 13.2 2.34
[NiPc(SO3Na)(SO
–
3 )]2 6.3 -13.1 2.41
[NiPc(SO –3 )2]2 -79.4 -100.5 2.44
with dissociated one are shown in Fig. 6.42. The set of HOMOs is no longer
separated from the lower-lying occupied orbitals and contains contributions
from the –SO –3 group. It can be supposed that after Na
+ ion dissociation
the whole layer contains mobile Na+ and fixed [NiPc(SO3Na)(SO
–
3 )] ions
surrounded by water molecules. In this case, the highest molecular orbitals,
which contain contributions from the –SO –3 group and are close to the lower-
lying occupied orbitals, allow the whole system to contain electronic states
that are more extended and therefore more conductive in character.
6.4.3 Volatile organic compounds
It was found, that phthalocyanines under study are sensitive to different
volatile organic compounds (VOC). The character of the sensitivity responses
varies with the type of the analyte.
Optical detection
For the detection of VOC, light absorption spectroscopy was used in two
regimes: in reflectance and transmittance modes. The physical nature of the
changes observed in spectra is the same, however, the methods has different
sensitivities. Reflectance spectroscopy gives to us also an information about
gas penetration.
ZnPcSu was chosen as a model material for the testing of gas sensitivity
for different VOCs. The tests were performed using analytes which belong to
different groups of organic compounds. The detection of these analytes can
be useful in practise. Differential reflectance spectra of all tested analytes are
shown in Fig. 6.43. As one can see from the figure, the responses appear to
be almost the same wavelengths for all analytes. It means, that for selective
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(a) Unperturbed dimer. (b) Dimer without one Na+ ion.
Figure 6.42: Density of states of the dimer of NiPcS. Black line indicates total
DOS of the whole system, blue dashed line the contributing Ni orbitals and
the red one the total contribution from the –SO3Na and –SO3 groups. The
vertical dashed line indicates an approximate midpoint of the HOMO-LUMO
levels.
detection of VOC, one should use the matrix of various Pcs, with different
responses for chosen analytes.
Long-term kinetic of the reflected intensity of light was measured in order
to confirm stability and reproducibility of the gas sensing effect of ZnPcSu.
Fig. 6.44 show the intensity of light, reflected from ZnPcSu sensing layer,
while it was repeatedly exposed to pure nitrogen and to the mixture of ni-
trogen and ethanol. The concentration of ethanol in the mixture was 7300
ppm. As one can see from this figure, the reaction causing the reflectance
change is fast and fully reversible. The main change in the response spec-
trum finished during one minute, whereas, 10 minutes was not enough for
the sample stabilization. Note, that the reflection increased at 497 nm, but
decreased at 628 and 784 nm.
Similar behavior showed also the other alcohols.
The dependence of the sensor sensitivity on the analyte concentration
was exponential in all regions in the reflectance spectrum. As an example,
the dependence for isopropanol concentration is shown in Fig. 6.45.
Influence of the size of analyte molecule. It was found, that various
members of the same homological line (for example, alcohols), changed the
absorption spectra differently. The magnitude of the changes depended on
the size of alkyl chain of the alcohol. The spectral features of the changes
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Figure 6.43: Change
of light absorption
spectrum of ZnPcSu
in the presence of
different VOCs, re-
flectance mode.
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Figure 6.44: Kinetic of the reflected intensity of light. The sample was
repeatedly exposed to pure nitrogen and the mixture of nitrogen and ethanol.
The measured reflected light was of wavelength 497 nm (a), 628 nm (b) and
784 nm (c).
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Figure 6.45: Depen-
dence of the response
of optical reflectance
gas sensor from the
concentration of iso-
propanol.
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in transmittance spectra caused by methanol, ethanol and 2-propanol were
nearly the same (Fig. 6.46a). Important result is that the changes in the
spectra, i.e., the decrease and broadening of Q and Soret band, are directly
dependent on the size of the alkyl chain. Methanol caused the smallest
changes, changes for ethanol exposure were higher, and the biggest changes
were observed for 2-propanol.
Formation of charge transfer complexes with analyte molecules.
Some of the studied analytes has an ability to form complexes of different
nature with Pcs. It is known that alcohols can act as ligands to the central
Zn atom of Pc [65]. Polarity of the analyte plays an important role in the
coordination bonds formation. The plots shown in Fig. 6.46b confirm this
situation. The same sample of ZnPcSu was exposed to nearly similar chemical
compounds with different polarity, different hydrogen bonding capability, but
nearly the same size. Diethyl ether has low polarity, 2,2,2-trifluoroethanol
has higher polarity. The magnitude of the sensor response appeared to be
directly dependent on the polarity of the analyte. This fact needs further
investigations.
Analyte penetration into the sensing layer. It is important to know,
how deep the analyte can penetrate into the sensing layer. Then it is possible
to create the sensor with optimal thickness of the sensing film. For this
experiment, ZnPcSu films of different thicknesses were deposited on silica
glass substrate. Then two types of absorption spectrum measurement were
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Figure 6.46: Influence of different parameters of VOCs on the change of
absorption spectrum of ZnPcSu.
done. In the first type of measurement, light was reflected from the Pc film.
For the second measurement, the sample was turned upside down, so the
light penetrates the silica glass substrate and reflects from the bottom layers
of Pc film. The penetration depth of light for Pcs was about 100 nm at the
wavelength of 600 nm, which means, that the main part of light was reflected
from the layers not thicker than 50 nm. When measuring reflection changes
from the Pc side of the sample, one measure in fact changes that occur in
outer, top part of the thin film. If one would measure it from the rear part,
one is measuring the influence of analyte to the deepest 50 nm of the thin
film. As a result, if the changes occur in the deeper side, that mean, the
analyte was able to penetrate through all the film. This problem can be also
solved using light with various penetration depth.
As it is seen from Fig. 6.47, such a big molecules, as 1-butanol, can
penetrate through 600 nm film of ZnPcSu. Because the penetration depth
is also dependent on exposure time, one can assume, that diffusion plays an
important role.
Quartz crystal microbalance (QCM)
The change of resonance frequency of a quartz crystal with sensing layer
during exposure to analyte was studied. The change of frequency is caused
by the change of mass of the sensing layer, when absorption of analyte takes
place. Practically, the method shows the change of the mass of sensing layer.
The kinetic which represents change of mass of phthalocyanine layer during
ethanol exposure is shown on Fig. 6.48. Concentration of ethanol was 7300
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Figure 6.47: Reflected light intensity
change during exposure to 1-butanole.
Light was reflected from Pc layer (blue
line) and from the rear side of Pc
layer through the quartz substrate
(red line). Time from the beginning
of exposure to the spectra acquisition
was 10 minutes.
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Figure 6.48: Be-
havior of resonance
frequency of quartz
crystal with ZnPcSu
layer deposited on
it. Sample is periodi-
cally exposed to pure
nitrogen and to the
mixture of nitrogen
with ethanol.
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ppm, the same as used in optical studies (see Fig. 6.44). The signal was
stable and reproducible with the changes of the alcohol concentration. This
mean, that absorption of ethanol does not lead to any irreversible processes
and ethanol can be fully desorbed from the film.
Similar experiments were done for several different VOCs: water, cyclo-
hexane, 2,2,2-trifluoroethanol, ethanol and diethyl ether. The goal was to
compare the relative amount of absorbed molecules of different VOCs un-
der the same concentration. The histogram with normalized response of the
QCM sensor for selected VOCs are shown in Fig. 6.49. It seems that the
amount of absorbed analyte depend on its polarity. There are not much of
non-polar hexane and diethyl ether molecules absorbed. Alcohols are slightly
polar and the absorbed amount of these VOCs are higher. Water with highest
dipole moment absorb the best on Pc films.
Electrical detection
Previous observations made in literature don’t show significant (if any)
change of electrical properties of Pcs under the influence of VOCs. In par-
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Figure 6.49: Relative number of ab-
sorbed molecules of VOCs on ZnPcSu
thin film.
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Figure 6.50: Change
of electric conductiv-
ity under the influ-
ence of ethanol.
ticular, there are no such data about sensitivity to alcohols. Change of
conductivity in the presence of gases was explained as the formation of CTC
(see Sections 3.2.3 and 6.4.1). As VOCs often has low electron affinity, the
formation of CTC is less probable.
It was found, that both dark and photoinduced conductivity decrease
under the exposure to ethanol (see Fig. 6.50). The absorption of ethanol
follows Langmuir isotherm, the equilibrium state is not reached even in one
hour. The conductivity changes are reversible, full ethanol desorption finish
in approximately one hour as well. The measurement was done at room
temperature.
Mechanism
The results obtained when studying VOC absorption in Pc thin film, are sim-
ilar to the NO2 absorption in H2PcSu, where no CTC complex was formed,
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but only the intercalation of the analyte gas between Pc rings occur (see
Section 6.4.1). In the case of studied VOCs, no CTC peaks appear in ab-
sorption spectrum and the conductivity slightly decrease in the presence
of analyte. VOC molecules indeed absorb in the Pc layer, as the mass of
the film increase. The intercalation between Pc molecules occur, lowering
the probability of charge carriers hopping inside the stacks from Pc rings.
The hypothesis about intercalation is confirmed with the fact, that bulky
molecules change absorbtion spectrum and decreasing the conductivity of Pc
more than smaller members of the same homologic group (see Fig. 6.46a).
Intercalation rate of molecules depend on their dipole moment: the equilib-
rium between absorbed and non-absorbed phase of analyte is shifted towards
absorbtion for the VOC with higher polarity.
6.4.4 Industrial applications based on the developed
sensors
The results mentioned above suggest that it is possible to fabricate com-
mercial sensors with the sensing layer based on different phthalocyanines or
Baytron R© PEDOT-PSS. The sensors developed in this work are based on
the detection of the conductivity changes of the sensing films, i.e., they are
chemiresistive sensors. Practical applications has following requirements for
the sensors:
1. They should have fast and reversible response.
2. They should be stable in long term.
3. Reproducibility of the response must be very good, i.e., film conduc-
tivity must be the same under the same environmental conditions.
4. They must be insensitive to other then detected gases, if possible.
First two requirements are fulfilled by sensing layer engineering, a proper
material must be chosen. The third point is related to baseline stability. In
this way the influence of environmental oxygen, CO2 and speed of the air
flow was taken into account.
Influence of temperature and air humidity can not be simply eliminated,
because they cause quite fast responses. It is the reason why these parameters
must be detected independently. Thus, the commercial instrument which was
developed, consists of three sensors: one for the detection of an analyte and
the other tow are for humidity and temperature measurements.
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(a) Output system with the sensor system
connected.
(b) Sensors system.
Figure 6.51: Whole sensor setup
Electrical AC technique was used for the detection. This increases the
stability of the signal and eliminates the influence of some irreversible pro-
cesses caused, e.g., by ion migration. The sensor consists of the following
parts:
• Sensing layer for an analyte gas.
• Sensing layer for humidity.
• Temperature controlling and regulating unit.
• Microprocessor for acquisition of output signal from the sensors, control
the temperature of sensing layer and processing obtained analog signals
into digital form suitable for further manipulations.
• AC current generator
• Output system, which shows the data obtained from microprocessor
unit on the display and outputs them in RS-232 format (Fig. 6.51a).
All the elements except sensing layers were developed in University of west
Bohemia, Pilsner, by Dr. Hama´cˇek et. al., and will not be discussed in this
work. The sensors system is shown in Fig. 6.51b.
In this work, we will describe the environmental and alarm sensor for
NO2 and sensor for ethanol vapors which are of high interest.
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Table 6.16: Concentration limits of NO2.
Subject Time interval Limit1, µg m−3
Human
1 hour2 200
1 year 40
Ecosystems 1 year 40
Environmental sensor for NO2
As it was already pointed out in section 3.2.1, the main requirements for
environmental sensor are high sensitivity and high stability. According to
the European Community rules, the concentration limits of NO2 are fixed
on the levels listed in Table 6.16. As it follows from the table, the 1 hour
exposure limit is 0.1 ppm, and 0.05 ppm limit during 12 hour interval.
CuPctBu was chosen as the sensing layer for this type of sensors. Its
chemical structure is shown in Fig. 4.1 and Table 4.1. It was found (see
Section 6.4.1), that this Pc is irreversibly sensitive to NO2. In order to
improve the reversibility, the operation temperature was increased to 100
◦C. It decrease also sensitivity to humidity and temperature changes. Sensor
calibration was performed according to the following scenery. First, the initial
film stabilization process was established. Then the sensor was exposed to
air with various concentrations of NO2. A temperature stabilization of the
sensor unit needed to perform because of the following factors:
• Stabilize all elements of the detection unit (viz. at 100 ◦C). This process
needed about 5 min.
• The second necessity is the stabilization of the morphology of the film
(annealing). Before the beginning of the measurement, the sensing film
must be treated by at least three heating-cooling cycles, in order to get
stable value of the background.
The calibration procedure was performed in continuous gas flow regime. Sen-
sor response was not strongly dependent on the gas flow rate. Because the
baseline value g0 changed as well, a new g00 value was established (it rep-
resents zero value of the signal for constant gas flow). The sensor response
signal g(i) obtained from the sample exposed to NO2 (i means the index
1The basic protocol 96/62/EC On ambient air quality and management. 1 ppm = 1913
µ g m−3 NO2 at temperature 293
◦K and pressure p = 101325 Pa.
2Maximum permissible 18 times a year.
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Figure 6.52: Fitted
calibration curves.
The data were ob-
tained from kinetic
run at 30, 60 and
120 min after the
gas exposure of the
sample.
Table 6.17: Fitting parameters for signal vs. gas concentration curves.
Time after exposure, h A B c0, ppm
0.5 847.8 887.8 0.22
1.0 849.5 872.5 0.19
Average 849 880 0.205
for the certain gas concentration) was subtracted from the g00 value. The
calibration curve was obtained in the first approximation in the form:
g00 − g(i) = A−B · exp
(
− c
c0
)
(6.32)
where A, B and c0 are constants and c is the gas concentration. The fit-
ted calibration curves are shown in Fig. 6.52. The particular curves were
obtained from the calibration kinetics after 30, 60 and 120 min from the
beginning of the gas exposure.
One can see that the time interval between the beginning of the sam-
ple gas exposure and the data readings does not influence the accuracy of
the calibration curves too much. However, the experimental error depended
on the gas concentration. Note, that the reading persistence, about 15-30
min, is not important in environmental sensors, where continuous reading
is assumed. The various fitting parameters were obtained for the particular
curves are summarized in Table 6.17.
The equation, which determines the concentration of NO2 from the sensor
response (which is necessary for the programming the microprocessor in the
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Table 6.18: Maximum exposure limits for NO2.
Exposure limits
NO2 concentration
µg m−3 ppm1
Admissible limit 10000 5.2
Maximum exposure 20000 10.4
detection unit) could be written as:
c = c0
[
−ln
(
−y − A
B
)]
(6.33)
where y = g00 − g(i), g(i) is the output of the sensor. Taking into account
values from Table 6.17 and the value g00 = 1096 determined experimentally,
one can write:
c = 0.205×
[
−ln
(
−247− g(i)
880
)]
(6.34)
Note, that the calibration dependence was obtained if atmospheric air was
used for NO2 dilution. The environmental concentration of natural NO2 was
17µgm−3 during the calibration, i.e. 0.009 ppm (Czech Hydrometeorological
Institute). It would be possible to make the correction for this environmental
NO2 concentration, but it was neglected.
Safety sensor for NO2
According to hygienic rules of European Community, the exposure limits for
human are listed in the Table 6.18. According to the table, the sensor must
be sensitive in the region from 2 to 6 ppm and must give an information
at the maximum limit concentration at about 8 ppm of NO2 in the atmo-
sphere. Note, that the high-concentration part of the response is normally
superlinear.
ZnPcSu was chosen as a material for the sensing layer. Its chemical
structure is shown in Fig. 4.1 and Table 4.1. As it was mentioned in Section
6.4.1, ZnPcSu is reversibly sensitive to NO2 even under room temperature.
Fast response, stability and reversibility make this material considerable for
sensing application. However, high resistivity of this material limits its use
because the electrical parameters of the sensing film are out of the signal
processing range. In order to decrease impedance of the sensor cell, as well
as to improve the sensitivity, thin gold film was evaporated on the top of the
11 ppm = 1913 µg m−3 NO2at temperature 293
◦K and pressure p = 101325 Pa.
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Figure 6.53: Fitted
calibration curves.
The data were ob-
tained from kinetic
run at 30, 60 and
120 min after the
gas exposure of the
sample.
sensing layer. The overall thickness of the gold film was 2.2 nm (controlled by
QCM). Such layer is not conductive, because of gold clustering and “island”
formation.
The calibration was performed in the same way as for environmental
sensor (see Section 6.4.4). The obtained calibration curves are shown in Fig.
6.53. They were obtained from the kinetic runs at 30, 60 and 120 min after
the gas exposure of the sample. For the calibration, g(i) signals obtained
on the NO2 exposed sample were subtracted from the baseline value g0, (the
value without NO2 exposure). The calibration curves could be fitted by the
equation:
y = y0 + A1 ×
[
1− exp
(
− c
t1
)]
+ A2 ×
[
1− exp
(
− c
t2
)]
(6.35)
where A1, A2, t1, t2 and y0 are constants, y = g0 − g(i) and c is the gas
concentration.
However, this function is not suitable for the simple signal processing.
Another suitable function, with which the calibration curves could be
fitted, was stretched exponential function:
y = B1exp
(
c− c0
τ
)α
+B2 (6.36)
where B1, B2, τ , α and c0 are constants, y = g0 − g(i) and c is the gas
concentration. The concentration c can be then written in the form:
c = τ
[
ln
(
y −B2
B1
)] 1
α
+ c0 (6.37)
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Figure 6.54: Calibration curve fitted
to hyperbolic function. Data obtained
from kinetic after 1 h from the begin-
ning of NO2 exposure.
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Table 6.19: Values of the constants of the calibration curve fitting.
Constant Value
c0 0.37
D 1850
x0 27050
However, also this equation is out of computing resources of the processor.
After the coordinate transformation, the c vs. g0 − g(i) dependence can
be fitted by a hyperbolic function (see Fig. 6.54) in the form:
c =
D
x0 − y + c0 (6.38)
where y = g0 − g(i), g(i) is the reading on the detection module, D, x0 and
c0 are constants. The values of these constants are listed in Table 6.19.
Note, that the calibration was also performed with the use of atmospheric
air. The environmental concentration of NO2 was 17 µg m
−3 during the cal-
ibration, i.e. 0.009 ppm (Czech Hydrometeorological Institute). The correc-
tion was omitted.
Sensor for ethanol
The sensor for ethanol, which operates in the concentration range 0–3000
ppm, was developed. The sensing layer was prepared from commercially
available poly(3,4-ethylenedioxythiophene) (see Fig. 4.2). The sensor op-
erated at room temperature, so the initial stabilization period for reaching
equilibrium and acquiring zero value g0 was only 10 min. The film was
sensitive to humidity, so, the value of initial humidity Rinit had to be also
memorized.
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Figure 6.55: Fitted calibration line.
The data were obtained from kinetics
run at 10 min after the ethanol expo-
sure of the sample. Relative humidity
level was 33 %, temperature was 23
◦C.
Calibration was performed at several different humidity levels, g(i) signals
from the sample exposed to ethanol (i means the index for the certain gas
concentration) were collected. These values were subtracted from zero value
g0.
The calibration curve appeared to be linear at every humidity level which
was measured. The calibration for relative humidity 33 % RH and temper-
ature 23 ◦C is shown in Fig. 6.55. The calibration dependence of the signal
on ethanol concentration could be written then as:
c = a+ bx (6.39)
where a and b are constants for given humidity level, x = g(i) − g0 and c is
the ethanol concentration.
The dependence of intercept a and slope b of the fitted line, as well as
the baseline value g0 are dependent on humidity level. The forms of these
dependencies are shown in Fig. 6.56. From this figure follows that the
intercept and slope of the humidity dependencies can be fitted by the third
order polynome:
a = a0 + i1R + i2R
2 + i3R
3 (6.40)
b = b0 + j1R + j2R
2 + j3R
3 (6.41)
and the initial value of the signal could be fitted by the sum of two gaussian
functions (one for correction of the initial baseline, the second for correction
of the changes of the humidity during measurement):
x = g(i)− g0 + g000 − Aexp
[
−0.5×
(
Rinit − k
w
)2]
+
+Aexp
[
−0.5×
(
R− k
w
)2]
(6.42)
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Figure 6.56: Depen-
dencies of intercept a,
slope b and baseline
value g0 on the air hu-
midity level R.
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Thus, inserting equations 6.40, 6.41 and 6.42 into the equation 6.39, one
can get a general calibration function for the ethanol sensor:
c = a0 + i1R + i2R
2 + i3R
3 +
+
(
b0 + j1R + j2R
2 + j3R
3
)×
×
(
g(i)− g0 + g000 − Aexp
[
−0.5×
(
Rinit − k
w
)2]
+
+Aexp
[
−0.5×
(
R− k
w
)2])
(6.43)
where R is the humidity level, Rinit is the humidity level in the beginning
of the measurement, g(i) is the signal from the sensing layer and g0 is the
signal from the sensing layer in the atmosphere without ethanol. The other
variables from this equation are constant, their values are listed in Table
6.20.
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Table 6.20: Values of the constants of the calibration curve fitting.
Constant Value
a0 -2452
i1 138
i2 -2.354
i3 0.01257
b0 -214
j1 13.8
j2 -0.235
j3 0.00122
g000 −4.931× 10−7
k 86.399
w 16.705
A 893.88
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Chapter 7
Conclusions
In this work, optical, electrical and gas sensing properties of soluble substi-
tuted Pcs were studied. The sensitivity to ethanol of commercially available
PEDOT-PSS was studied as well. Among Pcs, sulfo, sulfonamide, tert-butyl,
amino and nitro-substituted Pcs were considered. Obtained results leads to
the following conclusions.
1. Pcs under study are suitable for qualitative thin films preparation by
wet techniques. Especially good results were obtained for sulfo, sulfon-
amide and tert-butyl substituted Pcs. The best solvent for thin film
deposition varies depending on substituent and the central atom of Pc
ring.
2. Pcs under study absorb light in visible and UV region, similar to their
non-substituted derivatives. The forms and the position of Q and Soret
bands depend on the substituent and on the central atom. Spectra of
Pcs in thin film are red shifted and wider compared with the ones in
solutions. Band gap was found to be between 1.6 and 2.1 eV. This
value does not depend on the electron affinity of the substituent. The
spectra obtained by quantum chemical calculations agree well with ex-
perimental data. Additional peak at the wavelength about 450 nm was
found for FePcSu; its origin was not explained.
3. Thin films of Pcs have amorphous structures, annealing at 150 ◦C in-
creases in some cases the level of crystallization.
4. Phthalocyanines show relatively low electrical conductivity. Conductiv-
ity of sulfo-substituted Pcs is strongly dependent on the humidity level
and changes up to four orders of magnitude. Sulfonamide-substituted
Pcs are less conductive and not sensitive to humidity.
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5. Sulfonamide-substituted Pcs are perspective materials for NO2 gas sen-
sors; as they show high sensitivity and good reversibility. The effect is
observed even at room temperature, in contrast with materials, re-
ported in literature. Tetra-tert-butyl substituted Pc shows similar
properties, however, at 100 ◦C. These materials were used for fabri-
cation of environmental and safety sensors.
6. A new type of sensor, called “photoconductivity gas sensor”, is pre-
sented. This type of sensor is based on the reversible change of the
current induced by light. The approach was tested on sulfonamide-
substituted Pcs. This effort seems to be suitable for the detection of
gases.
7. Comparing Zn and metal-free sulfonamide phthalocyanines, the dif-
ferent mechanisms of the interaction with NO2 were found. While
conductivity and photoresponse of ZnPcSu increase under NO2 expo-
sure, these parameters decrease under the same conditions in the case
of H2PcSu. It was found, that ZnPcSu forms CT complex with NO2,
which result in the conductivity increase. H2PcSu does not form the
CTC complex, the conductivity decreases due to the intercalation of
NO2 molecules between Pc rings. The optical sensitivity confirms this
explanation.
8. Phthalocyanines change their absorption spectra in the presence of
VOCs. The change is not significantly depended on the tested ana-
lytes. The mechanism most probably involves the intercalation of VOC
molecule with Pc rings; the larger molecules cause higher sensoric re-
sponse. Polar molecules has higher rate of intercalation.
9. The stable and reversible sensor for ethanol was created using PEDOT-
PSS as a sensing layer.
10. The results obtained during the work allow to create commercial sensors
for NO2 of different concentration ranges and ethanol.
Chapter 8
Appendices
8.1 List of abbreviations
AC Alternating current
CTC Charge transfer complex
DC Direct current
DMF N,N-dimethyl formamide
DMSO Dimethyl sulfoxide
EDXR energy dispersive X-ray reflectivity
ET Electron transfer
ETI Electron transfer integral
FET Field effect transistor
FTIR Fourier transform infrared spectroscopy
HOMO Highest occupied molecular orbital
IR Infrared spectroscopy
ITO Indium tin oxide
LUMO Lowest unoccupied molecular orbital
MePc Metallophthalocyanine
MOS Metal oxide semiconductor
NIR Near-ifrared
Pc Phthalocyanine
Pcs Phthalocyanines
PEDOT Poly[3,4-ethylene(dioxy)thiophene]
PSS Poly(styrene sulfonate)
RH Relative humidity
QCM Quartz crystal microbalance
SPR Surface plasmon resonance
TCNQ Tetracyano-1,4-quinodimethane
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VIS Visible (light)
VOC Volatile organic compound
UV Ultraviolet
8.2 List of symbols
α Coefficient
φ Light intensity
η Power quantum efficiency of the solar cell
λ Wavelength
λa Nuclear reorganization term
µ Mobility of the charge carriers
ν Wavenumber
σ Conductivity
τ Coefficient
θ Rate between the occupied and overall gas adsorption places
θ Phase angle
ω Angular frequency of AC current
A Coefficient
B Reversibility of the sensing response
B Coefficient
b Coefficient
C1,2 Capacitance
c Gas concentration
c0 Coefficient
D Diffusion coefficient
Ead Energy of adsorption
e Unit charge
f AC current frequency
FF Fill factor
∆G∗ Free energy of the activation
g0 Baseline signal value
g00 Baseline signal value at constant gas flow
g(i) Sensor response signal
h¯ Planck constant
I Current
Isc Short circuit current
i Index for the certain gas concentration
J Electronic coupling matrix element
Jx Flux of molecules per unit of surface and time
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j Imaginary unit (
√−1)
k Boltzmann constant
kET
Rate constant of the electron transfer between molecular
orbitals
m mass
n Coefficient
n Concentration of the charge carriers
na density of molecules as a function of the position
P Probability of adsorption
p Gas pressure
R1,2 Resistivity
Rafter Signal after exposure to gas
Rbefore Signal before exposure to gas
Rexp Signal during exposure to gas
RH Relative humidity level
S Sensitivity to gas
s Coefficient
T Temperature
Voc Open circuit voltage
X1,2 Reactances
X ′ Total rate of the conductivity change under gas exposure
x
ratio of conductivities in the single Pc stack without and
under NO2 exposure
Z Absolute value of impedance
Z˜ Impedance
Z˜R1,2 Impedance of the resistor units
Z˜C1,2 Impedance of the capacitor units
z distance between two benzene rings
z0 Coefficient
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